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Motivation: Quantification of a 3D plasma edge

@ One promising approach to control particle and heat loads onto
divertor targets is the application of resonant magnetic perturbations

(RMPs).

DIlI-D: H , light

@ RMP application results in the formation
of a non-axisymmetric configuration.
— 3D modeling

@ Intrinsic error fields are non-axisymmetric
as welll

What we ultimately want to address:
@ What is the impact of RMPs on detached divertor operation?

What do we need to do:
@ Provide a reliable simulation model, at least of the same maturity as state
of the art 2D models (e.g. SOLPS).
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@ ntroduction to EMC3-EIRENE

e Overview on simulation results for DIII-D

e Numerical access to high ne, low T, divertors
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A 3D steady state fluid model for the edge plasma

Particle balance (n: plasma density)
V- [nuHeH — DLeLeL -Vn} = Sp

D, : anomalous cross-field diffusion, Sp: ionization of neutral particles
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A 3D steady state fluid model for the edge plasma

Particle balance (n: plasma density)
V- [nuHeH — DLeLeL -Vn} = Sp

D, : anomalous cross-field diffusion, Sp: ionization of neutral particles
Momentum balance (v : fluid velocity parallel to magnetic field lines)
v {m,vnuuze” — njeje -VUH — D,e,e; -V (m,'nuH)] = —e- VH(TE + T,) + Sm

ny oc T,%/2: parallel viscosity, n1 = m;nD. : cross-field viscosity,
Sm: interaction (CX) with neutral particles
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A 3D steady state fluid model for the edge plasma

Particle balance (n: plasma density)
V- [nuHeH — DLeLeL -Vn} = Sp

D, : anomalous cross-field diffusion, Sp: ionization of neutral particles
Momentum balance (v : fluid velocity parallel to magnetic field lines)
v {m,vnuuze” — njeje -VUH — D,e,e; -V (m,'nuH)] = —e- VH(TE + T,) + Sm

ny oc T,%/2: parallel viscosity, n1 = m;nD. : cross-field viscosity,
Sm: interaction (CX) with neutral particles

Energy balance (7., T;: electron and ion temperature)

5
V- [ETC (nujey — Dieres -Vn) — (ncej e + xeneire.) -VTC} = +k(Ti—=Te) + See
5
V- [ET, (nuHeH — D, e e, ~Vn) — (r;,eHeH + X,-neieL) VT} = 7k(7—f — Te) + Sei
Kei X Te ,5/2: classical parallel heat conductivity, Xe, Xi: anomalous cross-field transport,

k oc n? T.~%/2; energy exchange between el. and ions,
See, Sei: interaction with neutral particles and impurities (radiation)
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A Monte Carlo method for fluid edge plasmas

@ Balance equations can be cast in generic Fokker-Planck form:

%]-‘Jrv-[v}‘—V-D]-‘]:S (1)
with corresponding drift (V) and diffusion (D) coefficients and
sources/sinks (S).

@ (1) is related to a stochastic process — apply Monte Carlo method:
follow “fluid particles” from source to sink.

@ The motion of simulation particles is determined by the coefficients Y and
D and numerical time step 7. Along field lines we have:

Alp=Vr+,/2D7E, (6 =0, (&) =1 ®)

H. Frerichs (hfrerichs@wisc.edu) 3D edge plasma and neutral gas modeling with EMC3-EIRENE



A Monte Carlo method for fluid edge plasmas

@ Balance equations can be cast in generic Fokker-Planck form:

%]-‘Jrv-[v}‘—V-D]-‘]:S (1)
with corresponding drift (V) and diffusion (D) coefficients and
sources/sinks (S).

@ (1) is related to a stochastic process — apply Monte Carlo method:
follow “fluid particles” from source to sink.

@ The motion of simulation particles is determined by the coefficients Y and
D and numerical time step 7. Along field lines we have:

Al =Vy7+./2Dy7¢, (£ =0, (&) =1 (2)
o Classical parallel heat conduction (q; = —r V| T, k| ~ T%?):
2/€”
G =-Vig THTVim==Vi—= ()
P ~ =
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Self-consistent solution by iterative application

@ Input for EMCS3-EIRENE: Magnetic field structure
reconstructed from 3D grid
e User-defined boundary conditions: }
Misg OF Mrec OF (Tin, Epump), Pin Plasma Transport -
- i . C3: Flui
o User-defined model parameters: Sace; Fludmodel S5, Sm, Seo, S
Di, xev, xXiz- T Transport coefficients ______ |
ilt-i iti . Neutral Gas Transport
° BUIIt In boundary Condltlons .CS at Plasma Background EIRENE: Kinetic Model
target, sheath heat transmission Monte Carlo method
coefficients ~e, 7.
@ A relaxation factor a,x heeds to be AT oo P p—
introduced because of the strong - 82 —
. . = 100 I
non-linearity: /
£ 1
-Fn,rlx = ayix Fn—1 + (1 - arlx) Fn % \(/
K 1F e CERN
@ Approximate convergence: small
changes between iterations at o 20 w o 80
intrinsic noise level. pumpereffierstons
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The field line reconstruction module allows geometric
flexibility

@ Magnetic field lines are reconstructed from a 3D finite flux-tube grid
(bilinear interpolation).

- /M i
Pre-calculated field lines -> 3D finite flux tube grid
Reconstructed field line

° The 3D grid is generated by field lines tracing starting from 2D base grids.
= — finite flux-tube length for good cross-section.
@ Discretization in the cross-field direction

can be adapted to the magnetic
configuration at hand.

@ Single null and disconnected double null
configurations available.
Application: DIII-D, MAST, JET, ITER, ...
@ Easy to setup advanced magnetic divertor
T T B B B e By B B configurations (Super-X or Snowflake).
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e Overview on simulation results for DIII-D
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An ITER similar shape plasma at DIlI-D

Vacuum RMP configuration:

@ Magnetic field structure at the
plasma edge: island chains, chaotic
regions, short flux tubes.

@ The perturbed separatrix introduces
a helical deformation of the regular
SOL, and guides field lines to a
non-axisymmetric divertor footprint.

105
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Distance from orig. Strike Point [em]
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DIII-D discharge 132741: I, = 4kA(n = 3)
BI = 18T, Ip = 15MA, Qos = 3.5
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Discrepancy between simulations and experiments

DIII-D: ITER similar shape H-mode plasma at low collisionality
@ Experiment: Striation pattern in particle loads, but not in heat loads.
Moderate temperature reduction by RMPs.

@ Simulation: Striation pattern in both particle and heat loads. Significant
temperature reduction by RMPs.

Heat load (Simulation)

Simulation
Experiment

Heat Flux [MW m?]

-20 0 20 40 60 80 100 5 0 5 10 15
Toroidal Angle [deg]

Distance from upt. strike point [cm]

@ Possible reasons for this discrepancy:

@ “Kinetic corrections” to fluid model necessary at low collisionalities?
@ Partial screening of RMPs by plasma response?
@ Recycling conditions?
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1. Adjust el. heat conduction at low collisionalities

@ An upper limit is given by free streaming particles (with thermal velocity):
Qim = QelNe Vine Te, ae ~ 0.03...0.15.

@ This can be related to a correction factor 5 for the heat conductivity:

r AN
Hﬁe = ﬁ/i”e, B = (1 4 H|6||e|> <1,

Giim
@ Explore the impact of a reduced « ¢, set fixed value for j3:
Midplane Temperature Temperature (last closed flux surface)

= Axisymmetric 8 ¥ ~0.8
2 o5 with RMPs 25
o ~—— o R
3 2 z Experiment
[ x, 15
g 15 [
g \ 1
D
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% 05 [ \ 0 5, x
w Ly

0 \ Jz%) ¢/,<,/;.
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1. Adjust el. heat conduction at low collisionalities

@ An upper limit is given by free streaming particles (with thermal velocity):
Qim = QelNe Vine Te, ae ~ 0.03...0.15.

@ This can be related to a correction factor 5 for the heat conductivity:

AN
Hﬁe = ﬁ/ﬁ”e, b = (1 4 "f|e||e|> <1,

Giim
@ Explore the impact of a reduced « ¢, set fixed value for j3:
Midplane Temperature Temperature (last closed flux surface)
= AxisyhmrFr{]’\e)lt'r:ic 8
() ~—— witl —_—
= 28 p-10] —
,:3; 2 \ 1 874 § Experiment
qé 15 \ R
5 \
e 1
2 S~ \
S 05 kA x & P 4,
£ Z A S N S
fm} . \: ‘?/«,b/)) ¢/,°/;. Dy 0w oy
0.8 0.85 0.9 0.95 1 1.05 @/;)é %

Normalized Poloidal Flux

@ A correction of 5 ~ 1073 is required to be consistent with an
experimentally observed temperature reduction of ~ 20 %.
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2. Approximation of screening of RMPs

@ The plasma may screen external magnetic perturbations, which would
result in a modification of the magnetic field structure.

@ A helical current sheet model has been used to explore the impact of
RMP screening by plasma response. Here: m =7 — 11 resonances are

screened:
. +"Plasma Response"
1 : o 4
5 o095
o
E
S 0.90 e
[
a
-]
& oss
£
2 o080 = = N\ N\ \/ N ——=—
— = ym Approximation —

0 20 180 270 360
Poloidal Angle [deg]

@ = The open chaotic layer is limited to the very edge (~ 0.96).
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Screening of RMPs cannot be too strong!

H. Frerichs et al., Phys. Plasmas 19, 052507 (2012)

ISP Heat Flux
_ Vacuum Approximation +"Plasma Response” g, (MW m-3 1
5§15 15| 10 Axisymmetric
= «— 12 RMP (vacuum) ——
£ 10 10 8 % o \ RMP (+ plasma)
H of & h
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g5 - El I\
2 — . - 1¢ X\ .
L om I N NA
g o 0
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@ The striation patterns of particle and heat loads follow the magnetic field
structure. — Secondary peaks are reduced with “plasma response”.

@ While this gives better agreement for the heat loads, it is against
experimental observations regarding the particle load!

3

Axisymmetric
25 vacuum RMPs

@ The plasma response is consistent with
~12% ~—t plasma response

=
H , a core temperature drop of 20 % in the
RN experiment.
£ \ . .
£ o N\ @ A plateau remains in the (reduced) open
g o5 \'r - \ field line region.
LGFS LCF: H H H
0 oms o5 ol o i — combination of moderate screening
Normalized Poloidal Flux and heat ﬂux ||m|t?
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3. Recyling conditions can explain the qualitative
difference between particle and heat flux pattern

@ The pumping parameter epump allows to control recycling conditions
(although it is determined by the present pump setup).

@ Reducing epump to small values significantly increases the total recycling
flux, but the splitting into primary and secondary peaks remains.

Target particle flux Target heat flux
60
~30de 0% ~30deg ;
s ¢= 9 oump = 12 o;c ¢= 9 "high” recycling o
Py — .
E "high" recycling % Experimental data (IR) x 3
< 40
3 :
x =
2 30 B
§ 20 ; "low" recycling
g 2
o
10 "low" recycling
0
-5 0 5 10 15 -5 0 5 10 15
Distance from upt. strike point [cm] Distance from upt. strike point [cm]

H. Frerichs et al., Phys. Plasmas 21, 020702 (2014)

@ The secondary heat flux peaks “detach” under (artificial?) high-recycling
conditions. But peak level is still too high (“radiation shortfall”)!
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e Numerical access to high ne, low T, divertors
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Numerical access to detachment: generalize coupling
between EMC3 and EIRENE

l—‘l'ue-,l.P

Liargef
Plasma Transport
Prec

@ Include neutral gas-puffing and volume
recombination.
— Particle balance from plasma (EMC3) and
neutral gas (EIRENE) point of view:

Tion

I_fueI,P + lon = I_target + Tvol. rec.
lMec + rfueI,N + Tvol.rec. = rpump + Tion Ttue,

@ Different operation modes available: set control parameter Iy, Nisg OF Crec
allows explicit (Moump) and implicit (Crec < 1) treatment of particle sinks.

Target averaged temperature

37
\

@ Stable access to high density, low temperature 2s \ - /»\
divertor conditions remains an issue: oscillations 2 ° /\‘ . (“‘ ,\ f‘\/‘ \\/ \
occur even before volume recombination is , \, \/\/ Y A
switched on. 0% 5w 0 a0 w0 a0

Iteration number
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Numerical instability related to simulation procedure?

@ The transport solver (EMC3-EIRENE) is a non-linear operator

Pemcs-ERene © P — P, P = {”(X)a M(x), Te(x), T,-(x)}

which maps the plasma state P to P’ (because transport coefficients and
sources depend on P).

@ For a self consistent plasma solution we need to find a fixed-point

P* = Pemcs-eirene(PT)

@ The simulation procedure resembles an iterative approximation

Pnt1 = Pemca-erene(Pn)  until [[Ppyy — Pol| < C

@ However, “complicated” dynamics is a well known feature of non-linear
maps.
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Two-point model analysis of the simulation procedure

@ Oscillations of the plasma state occur when the divertor temperature
drops below a few V.

@ This behavior can be captured within a two-point model (2PM) analysis of
the simulation procedure (Pn11 = ®emcs-eirene(Pn)):

2Ty = foom Ny Ty 4)
7f L . i
T2 = T4 cond 4| ®) u: upstream ~ midplane
2 Koe
- fpower) q = yenTics (6)

@ Account for T; and n; dependence in fyower, fmom @nd fong

@ A relaxation factor « is applied in the simulations with the intention to
stabilize the iterative procedure:

Qhi1 = aQn + (1 —a) Qniv)
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Two-point model analysis of the simulation procedure

@ Oscillations of the plasma state occur when the divertor temperature
drops below a few eV.

@ This behavior can be captured within a two-point model (2PM) analysis of
the simulation procedure (Ppi1 = Pemcs-elRene(Pn)):

Target temperature

(1 — foower) G

T, = LT fowed) G
e v e Cat(Trm) AN = O

1 5/2 7 feona q) L o7
Tu,(ne1y = Tj/(i) [Tt,m) Tt (ny1) + T()e THev] ‘oc_O.
Y a=0.8
_ fmom My Ty \/\/\N\NVWM
Nt(ne1) = 2T; \j\f\/\*“og
o 100 20( 300 400

0
Iteration Number

@ Account for T; and n; dependence in foower, fnom and fiong
@ A relaxation factor « is applied in the simulations with the intention to
stabilize the iterative procedure:

Qnpt = aQp + (1 — @) Qny1)
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Two-point model analysis of the simulation procedure

@ Oscillations of the plasma state occur when the divertor temperature
drops below a few eV.

@ This behavior can be captured within a two-point model (2PM) analysis of
the simulation procedure (Ppi1 = Pemcs-elRene(Pn)):

4
(1 — foower) G
T, _ 35
t,(n+1) ~en Csf(Tt,(n)) .
1 5/2 7fcond QH L % 25
Tu, n+1 = |:T Tt, 1) + ——— =
(n+1) Tj,/(i) t,(n) "t:(n+1) 2 Koe [ .
n _ fnom Nu Ty 15
v 2T Ry 5 55 6 6.5

n [1()'9 m'a]

@ Account for T; and n; dependence in foower, fnom and fiong
@ A relaxation factor « is applied in the simulations with the intention to
stabilize the iterative procedure:

Qnpt = aQp + (1 — @) Qny1)
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Convergence control by adaptive relaxation

@ The orbits in n;-T; space are rather robust with respect to the relaxation
factor, however, the frequency of the cycle Q — 0 for o — 1.

Tt
@ An adaptive relaxation method is
motivated by the character of the cycle in
ns-T; space:
@ weak relaxation for T; in quad. 1 and 3
@ strong relaxation for T; in quad. 2 and 4

N

n

@ Analyze history of n; and T; to approximate the phase ¢,. Then apply

adaptive relaxation:

Qn = Oweak T (astrong - aweak) An, Ap =

N =

(1 £ sin(2¢p))
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Convergence control by adaptive relaxation

@ The orbits in n;-T; space are rather robust with respect to the relaxation
factor, however, the frequency of the cycle Q — 0 for o — 1.

2PM analysis =05
0.6

0.9
Adaptive relaxation

@ An adaptive relaxation method is
motivated by the character of the cycle in % .

n:-T; space: 2
@ weak relaxation for T; in quad. 1 and 3 f
@ strong relaxation for T; in quad. 2 and 4 P ey

@ Analyze history of n; and T; to approximate the phase ¢,. Then apply
adaptive relaxation:

(1 £ sin(2¢p))

N =

on = Oweak + (astrong - Oéweak) An, Ap =

H. Frerichs (hfrerichs@wisc.edu) 3D edge plasma and neutral gas modeling with EMC3-EIRENE



Convergence control by adaptive relaxation

@ The orbits in n;-T; space are rather robust with respect to the relaxation
factor, however, the frequency of the cycle Q — 0 for o — 1.

2PM analysis 0(:82 I
@ An adaptive relaxation method is o vt vl
. . 3
motivated by the character of the cyclein 5,
n-T; space: T
@ weak relaxation for T; in quad. 1 and 3 f
@ strong relaxation for T; in quad. 2 and 4 P ety T

@ Analyze history of n; and T; to approximate the phase ¢,. Then apply
adaptive relaxation:

1 .
on = Oweak + (astrong - Oéweak) An, Ap = 2 (1 + sm(2 @n))

EMC3 simulation

@ Such an adaptive relaxation scheme is
straightforward to implement into the
EMCS-EIRENE code as a post-processing
subroutine, although robustness is still an
issue for complex 3D simulations. T T e

H. Frerichs et al., Comput. Phys. Commun. 188, 82 (2015) Iteration number
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Summary and conclusions

@ The experimentally observed pattern of divertor particle and heat fluxes
can be reconstructed by adjusting the recycling conditions.

@ Some discrepancies remain regarding the global power balance and
pumping efficiency (boundary condition).

@ Model extensions require (at least) a formulation of a “heat flux limit”
suitable for Monte Carlo methods, and coupling to realistic modeling of
MHD effects (plasma response from M3D-C1, NIMROD, VMEC).

@ An adaptive relaxation method has been proposed to stabilize
simulations at high divertor density and very low temperatures, with
promising results for application in EMC3-EIRENE.
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Extended operation mode of EMC3-EIRENE

EMC3 [ree = Bvol + I'isB
3D fluid edge plasma
transport code
n,M,T.,T,
A

Evol = f‘ dVv Sp

sim

FISB = Ffuel + Fcore

/7

= I'pump in steady state

Decay lengths

, EIRENE
L kinetic neutral particle
- transport code (3D)
SIH FCOI87 Fpump TLH. TLHQ
Fmg&t/l/wr:c plu— Fp\unp Pumping by partially absorbing surface
Recycling I new free model parameter: €pump
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The overestimation of the peak heat flux is related to
missing/underestimated other power losses

@ The experimental steady state power balance at DIII-D (ISS H-mode
plasmas, ELM suppression by RMPs): P, = 6 — 8 MW edge input power

@ Very weak striation pattern from RMPs: (shot 132741: Schmitz, JNM 415 (2011) S886)

25

IR camera
ISP {\ Fi
2
-
£
z 15
=3 Q=0.39 MW
3 =57% P,
= 1
3 Experimental da al
T
0.5
—/\¥
P —

0
-15 10 -5 0 5 10 15 20 25 30
Distance along wall [cm]

@ Power deposition profile can be fitted
to generic formula:
(Eich, PRL 107, 215001 (2011))

B a0 s 2 3 s 3
q(s) = — exp - erfc - —| + g
2 22g fx Aq fx 2xgf S

@ Integral: Q ~ 2Ry \q fx Qo

@ Some power losses unaccounted for? (Radiation, fast particles?)
@ “Radiation shortfall” is a known issue in 2D simulations.
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Implementation of heat flux limit in Monte Carlo
scheme

@ Adapted parallel heat flux: g = —8x; V| Te

28k 28k
q = *VH 7 I Te + Te Z I V” |ﬂﬂ
—— —_———

D v

@ Direct implementation (explicit):

A/H = VHT + ZDHT{
—
h

@ Two-step method (implicit, predictor-corrector): Al = h + k

b o= | (\/17A71), A = InB(k) — InB(0)
V7€

%
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Speedup by field line reconstruction

@ Magnetic field lines are reconstructed from a field aligned grid, which
allows a significant speedup of the parallel motion of particles.

@ Bilinear interpolation between 4
pre-defined field lines F;(y) at the
position (&, n, ¢) of a simulation particle:

Field line
Base grid B

~Base grid A

s

e

e
ZZ

4 -20 EE:.....,:;“\\ )
% —40 e S8
Fen(9) = D Fil) Nitg,m) 1 > 8
i=1
where v /
’
N; = 1(1 + & &)1 +nm)

are shape functions (known from Finite Element Methods) and &, are
field line labels.

@ Grid cells must be convex for a unique relation (R, Z) <> (£, n), therefore
toroidal sub-domains are necessary.

H. Frerichs (hfrerichs@wisc.edu) 3D edge plasma and neutral gas modeling with EMC3-EIRENE



Even the 2PM exhibits bifurcations and oscillations

a)
40 T T
=02 ——
35 04 ——
06 —— =
\ 08 —— 3
30 \ =3
25
A
2 20
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15 }\\
10 ¥ 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45
Relaxation factor o
o L W e
LARARARARAN AR AN AR ANARAL AN AR AR AR ANAR M0 AR AR AR'AN b) s . . . .
0 45
0 20 40 60 80 100
Iteration number 4
3.5 Feigenbaum constant 8¢
y ——
3 H . . .
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Bifurcation number n
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2PM analysis

a)
30
25
20
~ 20
% 15
s
o
1.0
5
05
5 10 15 20 5 10 15 °
n, (102 m™) n (162 m™) C ey F
T~ 7q; L\ /7
v~ 2 Koe cond
%,—/
=Tuo foower = (e, T)Trqy
2 Vin
- m 44 (1 — foower)? fiom = 1 — exp(=AXL/)\), A= o
t 2e ,yz e2 ng Tu20 fr%om f:o/nz , t iz
—_— T — T
By fod = 1- (TC) forTy < To = 4eV
6/7
mo o= fonom Ny Ty L Two fr?wm fco/nd
2T, 2Fu (1~ foower)?
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