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Neutrals play key role in tokamak boundary physics

@ Scrape-off layer (SOL) sets boundary conditions for

. . 0 fow~027 ¢ foy~ 04

the core and determines how heat and partficles 100 g Taw =035

are exhausted ’ 2 38"
-~ O

@ Neufrals present via neutral beam injection, gas
puffing., and recycling

n (x10'8 m?)

@ Necessary to explore how neutrals dynamically e B |
impact SOL plasma properties such as O e
e Plasma profiles and density shoulder formation R (cm)
e Turbulence and blob dynamics

DIll-D SOL density profiles
e Heat flux width (Rudakov et al. NF 2005)

[AIERIA AR

GPlimages of blobs from NSTX
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Coupled first-principles models of plasma and neutral

dynamics necessary for predictive SOL modeling

Plasma model

_ fluid gyrokinetic
3 5 nHESEL (2D)
How do neutral interactions affect g 3 GRILLIX
plasma turbulence in the SOL? 3o frans-neut, Hermes
ERC GBS XGC1
Z| = nSOLT (2D) Gkeyill

@ Gkeyll couples confinuum gyrokinetic solver with continuum kinetic solver

e Why GK plasma? SOL mean free paths not small enough to justify the Braginskii
fluid closure and kinetic flux limiting of parallel heat transport is important.

o Why kinetic neutrals? \alid for large range of SOL parameters, including long
mean free path neutrals.

e What’s new? Continuum coupling avoids noise issues, achieves improved
accuracy for given resolution at reasonable computational cost
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Overview

Continuum kinetic neutral transport model coupled to continuum gyrokinetic
code in SOL simulations to probe effects of neutrals on plasma dynamics

@ Description of eryll and kinetic neutral model
@ NSTX SOL simulations in simplified geometry
@ Extension to shaped SOL geometries with seeded blob simulations

@ Conclusions and outlook
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Overview

Continuum kinetic neutral transport model coupled to continuum gyrokinetic
code in SOL simulations to probe effects of neutrals on plasma dynamics

@ Description of eryll and kinetic neutral model

@ NSTX SOL simulations in simplified geometry

@ Extension to shaped SOL geometries with seeded blob simulations
@ Conclusions and outlook
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eryll facilitates a kinetic model for neutrals

@ A computational framework for modeling fusion,
astrophysical, and space plasmas and neutral fluids
with continuum kinetic and fluid solvers

@ Uses a discontinuous Galerkin (DG) algorithm, which
preserves conservation properties

@ Modular "App” system facilitates development

@ Contains full-f continuum GK solver with options for

https://github.com/ammarhakim/gkyl @ EM fluctuations (Mandell JPP 2020, PhD Thesis 2021)
https://gkeyll.readthedocs.io e Shaped geometries of open and closed field lines
without an X-point (Francisquez arXiv:2110.02249)
@ Atomic neutral interactions (Bernard PoP 2022)

0:0 GENERAL ATOMICS
6 Bernard / BOUT++ / 2023



Continuum kinetic models coupled via collisional terms

@ Plasma species modeled with full-f electrostatic GK equation in the long-wavelength
limit, fs(R, Vis 14 T)

8‘87;"3 + V- (Js{R, Hs}fs) + 8 vi —(Ts{vy, Hs} ) = TsClfs] + TsSs m
Hs = %mV” + uB+ gso, @
-V ( UTe pSOV (;5) =og = e[n?(R,1) — ne(R, 1)]. ©)

e0

@ Neufral dynamics modeled using the Viasov solver including electron-impact
ionization and charge exchange via collisional terms:

0fn

oF + V- (vhh) = C[f] @

@ Wall recycling included as boundary condition in parallel direction
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Maxwellian distribution functions used for interaction terms on

different phase-space grids

@ Plasma species are evolved on GK grid and neutrals on Viasov grid
@ Shared configuration space but different velocity space

@ Use fluid moments to project ion and neutral distribution function as
Maxwellian on other grid

O TR, 1, 1) = MV (27 Futge(Ne, Uz, Vi) — o] ®)
C THRNY, 1, 1) = Nol0Ve) T s g, Us Vi)

+ oex Vex[NiT Fu, g (N, Uz, Vr2h.,n) - MJf], ©

%fn(x, V, 1) = —Nefr(0iVe) — oox Vex[Nifa — NnFui(ny, Uy, Vin )], @

Total tfime derivative % used as shorthand for LHS of GK and Vlasov equations.
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Overview

Continuum kinetic neutral transport model coupled to continuum gyrokinetic
code in SOL simulations to probe effects of neutrals on plasma dynamics

@ Description of and kinetic neutral model
@ NSTX SOL simulations in simplified geometry
@ Extension to shaped SOL geometries with seeded blob simulations

@ Conclusions and outlook
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NSTX SOL simulated with eryll in simplified geometry

@ Simple helical SOL: constant
curvature and Ly, no shear or
X-point, open-field lines only

Divertor

Sheath/Target Plates

(Carralero PRL 2015)

@ Field lines are straight in non-orthogonal field-line following
coordinate system:
@ zis along B, with conducting sheath BCs
@ x is radial coordinate, with Dirichlet (¢ = 0) BCs
@ y is binormal coordinate, with periodic BCs

(Images adapted from Mandell APS-DPP 2020)
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NSTX SOL simulation with neutrals compared to baseline case

without neutrals
particle source @ Simulations based on (Shi PoP 2019; Mandell JPP
M 2020) and include:
Sheath & Recycling BCs
i ()] L” =8m, LX:5OpszMécm

@ Deuterium plasma, electrostatic GK electron
and ion species (3D2V)

@ Particle and heat source at the midplane
mimics flux across “quasi-separatrix” info SOL
(Psor = 1.35 MW)

Length along B, (m)

@ Simulatfion with 3D3V Vlasov neutrals include:

@ endplate recycling rate o, = 0.95,
Tn’rec == ]O eV

0 and neutral absorbing BCs (inner radial wall)
0 and neutral reflecting BCs (outer radial wall)

@ ionization and charge exchange (CX)

¢

@ volumetric particle source floor for neutrals
approximates recombination rate

Sheath & Recycling BCs

132 138
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Neutral interactions introduce density profile flattening

Normalized Electron Density Temperature Parallel flux to endplate
10° ,f"\\ Te no neutrals 100000 1 —— no neutrals
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7
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Steady-state profiles at midplane, with source region in gray and quasi-separatrix denoted by black dashed line.

@ Neutrals increase ne by factor of 3 via ionization (not shown)

@ Density profile flattening similar to experimental observations (Rudakov NF 2005, Vianello NF
2017) and GBS simulations (Mancini NF 2021)

@ Neutrals decrease T; and T, through CX and ionization, respectively
@ Parallel flux is reduced
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Neutrals decrease normalized density fluctuations

Pressure Interchange growth rate Density fluctuations (A,ms/n)
—— no neutrals 6 0.6
40 - wi
with neutrals 5 0.5
30 24 0.4 /\_\/
’06 —
o )
- o3 0.3
Q 20 =)
>2 0.2
10
1 0.1
0 0 : 0.0
1.275 1.300 1.325 1.350 1.375 1.400 1.275 1.300 1.325 1.350 1.375 1.400 "1.275 1.300 1.325 1.350 1.375 1.400
x (m) X (m) x (m)

@ Decreased temperature for neutrals case results in similar pressure profiles
@ Slightly decreased interchange growth rate, v, = Cs1/2/(RLp)
@ Corresponding decrease in normalized density fluctuations

(Bernard PoP 2022)
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Normalized blob size and uniformity increases with neutrals

Normalized blob size histogram

no neutrals with neutrals
1 |

| ==== no neutrals, mean

0.25 .
-- with neutrals, mean

0.20 0.20 H
0.15 0.15 E
@ Blob fracking algorithm identifies 010 0.10 |
blobs by density contours that are  oos 0.05 5
20 above <ﬂe> 000 10 15 0.00 10 15
@ Neutrals case has 20% more blobs e e
(200 ps interval at midplane) Normalized blob radial velocity histogram
@ Larger and more uniform blobs for — os g2 g4 RIS
case with neutrals oo l11 o wnnewamean |

@ Radial velocities similar for both o

0.1

.0 0.0
0.000 0.025 0.050 0.075 0.100 0.125 0.000 0.025 0.050 0.075 0.100 0.125
vr (cs) Vr (€s)
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source added to isolate sourcing effects

Effective ionization
from CX collisions

Parallel flux to endplate

Temperature

1le18 Electron Density
=N -~ Iz source 60 43N - =+ T.lz source -~ Iz source
EleCTrOn denSH’y source 3 y/}’ R with neutrals / NN —-- T, Iz source 40000 _ with neutrals
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x (m)
Source term added to simulatfion
without neutrals (a) to mimic @ |onization source accounts for most differences
lonization particle source in (). @ poes not capture density flattening and reduced fluctuations
at large radli ozo CENERAL ATOMICS
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CX collisions result in larger, slower blobs

@ Simulation with neutrals had
25% more blobs compared
to case with ionization
source and no neutrals

@ Blobs are larger and slower
in case with neutrals

(Bernard PoP in preparation)

Normalized blob size histogram

1z source, no neutrals with neutrals
(— ;
i j

a)

i === Iz source, mean
-- with neutrals, mean

10 15
ap (ps)
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Normalized blob radial velocity histogram
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Charge exchange increases blob coherency and reduces

radial velocity in seeded blob simulations

@ Seeded blob simulations conducted with DIII-D SOL parameters

@ Static background neutrals, only CX

@ 3 cases: n, =1[0.0,0.1,1] - neg

@ Blobs more compact as neutral density is increased (left to right below)

Electron density (m~3): t=10.0 us

no neutrals Np=0.1ne Np=1.0ng 1e19

0.06

0.04

0.02

E o000
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—0.06

2.30 2.35 2.30
x (m) X (m) X (m)
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Neutrals reduce blob polarization

@ Simulations follow theoretical scaling predictions (Krasheninnikov JPP 2008) that CX neutral
collisions will decrease radial velocity

@ As neutral density is increased, binormal electric field magnitude E, decreases

Blob velocity vs. size 01 Ey (Vm): t=9.0 ps 10
np=0.1n np=1.0n
0.07 —— no neutrals (theory) 0.06 4 n €0 g ul «©
0.06 np=0.1ngg (theory) 8000
—— Np=neo (theory) 0.04 1
0.05 4 simulation
002 4000
20.04
$ E 000 0
N = -8 7]
0.03 > » -
0.02 T —0.02 1 % 1 —4000
0.01 f—‘\ —0.04 1
-8000
0.00 —0.06 4 T T T T T T R T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 2.225 2.250 2.275 2.300 2.325 2.350 2.225 2.250 2.275 2.300 2.325 2.350
normalized perpendicular blob size X (m) x (m)
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Overview

Continuum kinetic neutral transport model coupled to continuum gyrokinetic
code in SOL simulations to probe effects of neutrals on plasma dynamics

@ Description of and kinetic neutral model

@ NSTX SOL simulations in simplified geometry

@ Extension to shaped SOL geometries with seeded blob simulations
@ Conclusions and outlook
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Neutral model adapted for shaped geometries

@ Neutral distribution function evolved in mixed coordinates: f(X, y, z, vx, Vy, V7)
@ Physical space is field-line following and velocity space is Cartesian

@ Geometric terms enter through Jacobian and streaming term in Vlasov

equation
f
W v (gvh) = Clat) ®
0 0 d
V-(jvfn):a(jv-Vx)+8—y(jv-Vy)+E(jv-Vz) )

@ Geometric terms calculated in code from mapping given in input file
(currently using analytic Miller approximation for equilibrium)
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Seeded blob simulations scan elongation and triangularity with

static neutrals

21

Electron density at 10 us
Inner-wall limited elongation scan (6 = 0)
geometry with DIII-D
parameters
Constant background n, T,
no source
Ng = 7 x ]0]8 mia,
Teg = T/’O =40eV
Static atomic D neutrals triangularity scan (k = 1.6)
with ionization and CX
Density profiles assume
endplate and main
chamber recycling

Ih=10eV

. 0075

yim)

rrrrrrrrrr
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Shaping affects blob dynamics more than neutral interactions

Blob velocity vs. elongation (6 = 0)

@ Curvature drive decreases as elongation and 1500
triangularity increase — radial blob velocities 2 000
decrease s
5001 — theoretical scaling
—e-- Gkeyll neutrals
@ Neutral interactions affect sheath-balanced gL Stetino neutrals
term in velocity scaling voooizooae e a8 20
@ Increase in sheath density and decrease in Blob velocity vs. triangularity (x=1.6)
parallel outflow nearly offset each other, leaving 1250
sheath term relatively unchanged a1
£ 750
@ Radial blob velocities similar to simulations T so0) theoretical scaling
without neutral interactions 0] 2 G e el
° -0.4 -0.2 0.0 0.2 0.4
)
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Overview

23

Continuum kinetic neutral transport model coupled to continuum gyrokinetic
code in SOL simulations to probe effects of neutrals on plasma dynamics

@ Description of and kinetic neutral model
@ NSTX SOL simulations in simplified geometry
@ Extension to shaped SOL geometries with seeded blob simulations

@ Conclusions and outlook
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Conclusions

@ Presented results of a continuum kinetic neutral fransport model coupled to the
continuum gyrokinetic code in eryll

@ Including neutrals in helical geometry NSTX SOL simulations resulted lower n, T, flatter
density profile and reduced fluctuations and flows (Bernard PoP 2022)

@ CX effects contribute to density flattening, reduced turbulence levels, and larger,
slower blobs (Bernard PoP in preparation)

@ Neutral model extended to general geometries
@ Static neutrals have small effect in shaped SOL seeded blob simulations

@ Radial blob velocities decrease as &, § are increased, consistent with theoretical
scalings

0:0 GENERAL ATOMICS
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Ongoing and future work

@ Fully turbulent shaped SOL simulations of DII-D (+4)
without neutrals have been carried out

@ DIII-D +4 simulations with open+closed field line
geometry now running, inner-wall limited

c 3 @ Parallelization over species available and
L2 GPU-ification of GK solver+neutral interactions nearly
complete

@ Validation with DIlI-D experimental data

4 from DIII-D +4& SOL simulation @ Future developments: models for recombination and
impurity radiation, X-point geometry, interpolation
scheme to retain all kinetic effects from neutrals ...
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Thanks for your attention!

For more information:
https://github.com/ammarhakim/gkyl
https://gkeyll.readthedocs.io

Contact:
bernardt@fusion.gat.com

EEEEEEEEEEE Office of

This work was funded by US DOE Grant DE-FG02-95ER54309. ENERGY  science
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Electron-impact ionization model uses average reaction rate

e +n—it+2e" —Ey,

@ Integral over velocity space is approximated by statistical average
(Wersal & Ricci NF 2015):

d
Ejfe(k, Vijs s ) = Nn{0izVe) [2T fm,e(Ne, Un, szh,iz) - Jfe], (10

2
where fy, accounts for low-energy electrons and v, , = =32 — 5

@ |lon and neutral equations given by simply

d

Ejfi(ka Vi i 1) = NeT a0z Ve), an
d
afn(R, V. 1) = —fane(oizVe), (12)

@ Fitfing function (Voronov AD&NDT 1997) is used to approximate (o, Ve). o+ GENERAL ATOMICS

28 Bernard / BOUT++ / 2023



Charge exchange model uses effective ‘relative velocity’

T+ n—n+it

@ Integrals over velocity space are approximated as in (Meier & Shumlak PoP 2012):

G THR N 1) = oV T T — 0T ), a®
SRV 1) = —oe Vel nify — i), a4

where the “relative velocity” is defined as
V= §<v;%,- + Vin) + (U = Un)? (15)

@ CX cross section o is approximated by a fitting function.
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Model for wall recycling implemented

@ In 1D3V (1 spatial dimension and 3 velocity space dimensions), neutral distribution
function at the boundary defined by:

fa(Vx, Vy,Vz,Z = Zghosf) = aplfn(Vx, Vy, —Vz, Zmin) + CfMJec(T = TnJec), 6

where z and v, directed along B and ay, is reflection coefficient.

@ Maxwellian is scaled such that incoming flux of neutrals equals outgoing flux of ions
multfiplied by recycling fraction a;:

Vx,max Vi max Vz,max 27T Hmax 0
C/ / / dVXdVdez Vs, fM,rec = qr— / dV” d,u V”,'jf,'(z = Zmin)-
Ve,min Y Vymin /0 m Jjo V[i,min
an
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Qualitative differences in density evolution observed

@ “no neutrals”: only GK species,

. R
similar to closed divertor scenario Midplane Electron Density (m™2): =300 s

with neutrals 1e18

no neutrals 1018

@ “with neutrals”: couples to Viasov 0.10 16
neutrals with a, = 0.95, similar to
open divertor scenario

y (m)

@ Simulations run to 0.4 ms (~ 47):
@ no neutrals 1.5 dayson 512 CPUs ~ -0.05

@ with neutrals 7.5 days on 512

CPUs (~5x longer) 010

0.0

1.30 1.35 1.40 135 1.40

X (m) x (m) x (m)

3 . From left to right, electron density (ne) in simulation without
| @ BO = Boz neutrals, electron density (ne) in simulation with neutrals, and
X

neutral density (np).

Midplane view visual aides
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Neutrals decrease plasma flows

32

Radial turbulent flux

600 —— no neutrals
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w
E 400
)
£
3 200
4
[
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Parallel flux to endplate

80000 —— no neutrals
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ExB flow
7500 ‘\\\ —_ rad?alvgxs
\ —— radial Ve
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2500 /\/
\
Y —
-2500 D e Y
_- / \
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-5000 1N
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@ Radial flux (' = (ReV;)) Nnormalized to ne decreases with neutrals
@ Parallel electron particle flux normalized to ne decreases with neutrals
@ ExB flow magnitudes decrease slightly with neutrals

Bernard / BOUT++ / 2023
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Parallel heat flux width slightly reduced with neutrals

Parallel heat flux to endplate Power balance
1
6 ] —— no neutrals 14 input power, both
/\ ] ——— with neutrals
-~ 5 E == Ag=3.44cm o sum, with neutrals
] --= Ag=3.17 BTz =
§ 4 | q=317cm § h “Sum, no neutrals iz and CX losses
1
s 3 ! 2 1] Q. with neutrals
2 a ~_—"_
5= IN_~""_Q), no neutrals
< —2
1/
0 / _3_
128 130 132 134 136 1.38 140 0 50 100 150 200 250 300 350
x (m) t (us)

@ Heaft flux is calculated at upper endplate (z = L;/2), sum of ion and electron contributions
@ Profiles fit to exponential o estimate width at quasi-separatrix: Qﬁ””c’(x = 1.32)e/Aa
@ Neuftrals decrease width and magnitude slightly
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Neutrals increase temporal coherency of turbulent structures

Skewness of ne

Excess Kurtosis of ne

— no neutrals
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\/\ /\/
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34

0
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Skewness = E[A’]/o°
Excess kurtosis =E[A"] /0% — 3

Neuftral interactions decreased
infermittency with lower skewness
and kurtosis on LFS

Radial correlation lengths are
comparable but autocorrelation
times longer with neutrals

Suggests longer temporal
coherency of blobs when
neutrals included
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Blob velocity scalings indicate sheath-interchange regime
dominates

Blob radial velocity vs. size

@ Data bounded by theoretical scaling laws
® noneutrals (Myra et al. PoP 2006).

with neutrals

0.8 @ Reference velocity and size given by:
(50.6‘ a_ LL% 1/5 \7_ 2ch§ 1/5C
N - psl? Ps, - Ra S

@ Blobs likely in sheath-interchange regime

e [ ] ‘ .
0.04 Jﬁ’. ce, o @ Scansin collisionality and including general

geometry required to access other
regimes.
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lonization source plots

Radial turbulent flux

Parallel flux to endplate ExB flow
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00] | i \ 0.010 SAAS
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Increased plasma collisionality has small effect on neutral

simulations

@ Plasma collisions modeled with Lenard-Bernstein operator with a constant Spitzer collision
frequency vy calculated from input parameters

@ Previous neutral simulafion used reduced collisionality v = 0.01y for faster computation
@ Simulations with neutrals run with collisionalities, » = [0.01,0.1] - 1y and recycling rate a, = 0.75

@ Results similar except for minor differences in density, temperature and blob speed.

Normalized blob radial velocity

5 lels Electron Density Temperature
/N nuFrac=0.01 Te nuFrac=0.01 0.35 : v=0.01v, 0.35 — v=0.1v
4 / "~ —— nuFrac=0.1 T/ nuFrac=0.01 a) H --== v=0.01vo, mean ]
—— T.nuFrac=0.1 0.30 ! - v=0.1v, mean

—~ T - ~=- TjnuFrac=0.1 i .
T3 nuFr 0.25 !
£ 0.20 i
<2 § 0.15 i

1 —— 0.10 i

o 0 0.05 H

1.275 1300 1.325 1.350 1.375 1.400 1.275 1.300 1.325 1.350 1.375 1.400 0.00 i — .
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CX neutrals reduce radial blob velocity

@ Estimate radial blob velocity by modeling blob as a circuit and using quasineutrality
condition V- j=0.

-I + + \/Rablfcx p

2Cs

I curvature drive

neutral CX damping term

2,/%c
R “s op 18)

Vb

plasma blob

From (Krasheninnikov JPP 2008)
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