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Atomic, Molecular And PMI Database In Current Edge
Plasma Transport Codes, And Forward Sensitivity Analysis

Detlev Reiter, Maarten Blommaert*

Forschungszentrum Julich GmbH, IEF-4, Association EURATOM — Jilich, 52428 Jilich, Germany
*KU Leuven, Department of Mechanical Engineering, 3001 Leuven, Belgium

IAEA Technical Meeting on Uncertainty Assessment and Benchmark Experiments for Atomic
and Molecular Data for Fusion Applications, Vienna, December 19-21, 2016



ITER: Balance of power #) )0LICH
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Fusion power 500 MW
Q= = =10
Input power 50 MW

D+ T -2 He + neutron

/ *
100 MW 400 MW

rapped by the magnetic Escapes from the plasma
field (He?*) - gives its (no electric charge) -
energy up to the plasma absorbed in the blanket
- maintains the fusion  surrounding the plasma

reactions

P,. = 100 MW
P, = 50 MW

Must be exhausted from the plasma
The “divertor” 4:|



List of the main elements relevant to the ITER plasma

Fe (SS) |

Fe/SS, 2011: armour at
diagnostics port plugs
C, 2013: replaced by
all W divertor
But:
Cin: W7X (2016),
JT-60SA (2019),...

S. W. Lisgo /



Outline ) J0LIcH

A:. Core plasma: (beam-) spectroscopy
strongly stripped ions, often: H, He-like

B: Plasma boundary: spectroscopy plus: powerful plasma flows,
particle exhaust, heat exhaust, machine availability

C. Typical parameters (electron density, temperature)

D: A&M data sensitivity (= uncertainty propagation)

= 1. status: A&M data: sensitivity analysis in OD plasma
chemistry models.

= 2. outlook: A&M data: sensitivity analysis in current edge
plasma flow models ???



Outline

A:. Core plasma:
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(beam-) spectroscopy
strongly stripped ions, often: H, He-like



ITER, 500 MW fusion power, n,, T, #) jOLICH

FORSCHUNGSZENTRUM

Plasma density Electron temperature
cm=3, log scale eV, lin. scale
%F°” e T Ty w104 -=500
Al
<1300
fofl 1013 :
-#100




Relative importance of plasma flow forces ' 4 JULICH
over chemistry and PWI

FORSCHUNGSZENTRUM

%ni +V<ni\7i): Sni

div(nv,)+div(nv_ )= ionization/recombination/charge exchange

 All chemical bonds
broken,

e (turbulent) cross field
ﬂOW, DJ_, Vi

(advanced plasma
scenario development)

lonization/recombination/CX.

Atomic data models for hot
plasma spectroscopy

* interpretation,

* line shape modelling:

Spectroscopy :nZ*
CR Model ' nZ* > nZ
Transport Model : nZ - Dy, V.

7




W atomic data development requested

Understanding W
behaviour in the plasma
core is very important for
ITER and future high-
performance, high-duty
cycle devices

— W is a strong radiator at
fusion core energies —
concentration must be
very low (< 0.001% in
ITER)

fractional abundance

#) jOLICH

FORSCHUNGSZENTRUM

W FRACTIONAL ABUNDANCE

normalized radial coordinate

4r 16
i 14
{2
0 0
1} 5
W4
W
01F :
N "’““--“-w.\.._h || <
| emm. (m]
,/ \\_ Z
| A %
50
0.01 Sﬂj ¥ ; 0
0" 6. 02 04 06 08 1.0



All relevant elements other than W are fuIIy strlpped of thelr electrons
except in the edge reglon |‘<‘“ g e




Neutral (H) Beam (100 keV) injection provides electrons to elements,
so they can be distinguished by spectroscopy

AN

Y

ITER NP diagnostic beam (India) ;:{33 % %

N
100 -1000 KeV )’ a4

All elements (cooling'gas.es, wall materials) become subject to plasma spectroscopy
in fusion devices, because they are made “distinguishable” by H-diagnostic beams.

M. von Hellermann



Outline ) J0LIcH

B: Plasma boundary: spectroscopy plus: powerful plasma flows,
particle exhaust, heat exhaust, machine availability

11



Relative importance of plasma flow forces ' 4 JﬂLICH
over chemistry and PWI: | edge region - Il divertor

div(nv)+div(nv,)= ionization/recombination/charge exchange

gni+§-(ni\7i):8

v m|dp|a”:] parallel vs.

3
@ 5
5
g1 (turbulent)
3 ° cross field
@ -1
g flow
82
= 02 0.4 06
target distance from separatrix, cm
4g<1019
52 parallel vs.
go%w chemistry
o and PWI
Z :
g driven flow

A

0 . . 02 04 .. 06
target distance from separatrix, cm

H, He, Be, W,... dominant process:
vol. recomb., & friction: p + H, “detackkment”



. , )
Atomic & molecular processes: boundary pIasmaJ JULICH

e.p+ H, HZ(Vi) 2 ..., e+H2+(Vi) > H+ H*

= divertor detachment dynamics, final states? Isotopes?
www.amdis.iaea.org, database & data center network,

e,p + C, CXHy ..., e+CXHy+ — .... C erosion and migration, tritium
retention in remote areas,.... Excited states of products (CH(A->X)) ?
R. Janev et al., Phys. Plasma (2004) 11, www.hydkin.de, IAEA: www.amdis.iaea.org

e +H,*(vs) > ..., DR, DE,....

= H;* probably irrelevant in fusion plasmas
M. Larsson et al., PRL (1993) 70, S. Datz et al., PRL (1995) 74, and: Conference series: DR 1-9

e,p + Be, BeH/BeH* = .... possible role on spectroscopy and on

material migration: Formation rates ?? 10% of Be sputtering?

J.B. Roos et al. Phys. Rev A (2009) 80, IAEA Atomic Molec. data unit CRP 2012-2015

Exp.: UC Louvain, Theory: I. Schneider et al., Univ. Du Havre, J. Tennyson et al. (Quantemol), R.
Celiberto et al. (Bari)

e,p+Ne, Ar, N, N,, N,* = ... 7?7

* N,-seeding, edge plasma cooling: molecular effects not yet studied

in fusion plasmas, only resulting atomic ions N, N*, N**,....

Extensive database exists, See planetary atmospheric entries research, e.g. A. Bultel et al, Universite de
Rouen, France



http://www.hydkin.de/

Divertor detachment: ITER, simulation, detached, 0 JULICH

FORSCHUNGSZENTRUM

T, field. Movie (JET): T, during n, ramp up, transition to detachment.

ITER-FEAT (BZ-EIRENE simulatiocn)

hotter than

1 Mill deg. 00
- >100 eV

10 eV

{
1
i

1eV

/ \
230 240 250 260 270 280 290 300 310 0

EDGE2D-EIRENE
(JET-Detachment)
Simulation

0
_9p. 0 GEPLOTTETER BEREICH X MIM = 4.07TEH0Z ¥ MIM =-4.539E+0Z ¥ MIN = 0._00E+QQ
.0 MAY = €.52E+02 MRY =-Z2. 61E+02 MAX = 0O_00B+00

Fzguelich | metmmeewew | R A P S



Narrowing down on the divertor plasma O JULICH

FORSCHUNGSZENTRUM

Electron thermalization time

3/2 21 -3
R T / 10" cm
.33 %1071 ¢ —
fe 8 (lOOeV) (n; logA) i

- Electrons well thermalized in divertor
- no need for EEFD considerations there

Divertor plasma density Divertor electron temperature
cm3, log scale, 10'? -104 eV, lin. scale, 0 — 500 eV

SDGI

420

—a00 = _300

—350 ey =350

200

T —4024Q

_asol —450

12 L L L L L L L L L L L
1 400 450 500 550 600

1 1 1 1 1 1 1 1 1 1 1
400 450 500 550 600

PLASKMA TEMPERATURE, ELECTROMS, BV
PLASKMA DENSITY, ELECTRONS, Chaex—3



Plasma in “weakly detached” ITER divertor O JOLICH
ne: > 1614, Te <5eV FORSCHUNGSZENTRUM

Tokamak Divertor Detachment:
» Self sustained dense, cold plasma
layer (=1 — 3 eV) formed in front
of high heat flux components.
« Plasma flux drops, despite increased density

Divertor p|asma density Divertor electron temperature
Cm-3, Iog Scale’ 1012 _1014 eV, Iln Scale, O - 50 eV
. I|T|'|:R:ICO|S|9 |i’| mlediluns'!ty - ITER, case 2011, single fluid, medium density
N 1“‘\‘\\\ NS I il
—I00 300
—350 - I —350 - I
%‘ 10" G
_as0l T L s . . . - . 0
1012 400 450 500 550 600
400 450 500 550 600 PLASMA TEMPERATURE, ELECTRONS, EV

PLASKMA DENSITY, ELECTRONS, ChM*+—3



Electron — ion temperature equilibration: O JULICH

- Divertor T,= T,

—a00 =

=350

—400 -

—450

400

PLASKMA DENSITY, ELECTRONS, CMex—3

FORSCHUNGSZENTRUM
T, — T, equilibration time

A T, 3/2 102 ¢cm—3
o 3.16x 10710 ¢ —
feq 8 72 (lOOeV) ( 2 logA ) i

= 1000 x Tee (for H plasma), but still fast.

Divertor D* ion temperature
eV, lin. scale, 0 — 50 eV

—300

30

[ —350

Chi++—3

—400

1012

FLASMA TEMPERATURE, D+, EV



(static) plasma pressure (Pa) O JOLICH
* Inside separatix (confined plasma): constant on magn. flux surf. FORSCHUNGSZENTRUM
* In divertor: pressure drop along B-field

| ”1’ Al I ITER, 001, gingle fluid, medium density ZDDOI 2 O O O Pa

| 5000 Pa

1600

Static
plasma
pressure
(Pa) /]
SOLonly /" |

=350

=0 | 1000 Pa

—400 H

2000 Pa

Momentum balance for H* ions B
g(miniv; )+§'(mini\7i\7i)= _
~Vp|-V-IT,+ Zen (E+V,xB+RAS o | 7

Near target pressure gradient balanced by,
momentum sinks: -
e e+ H*plasma volume recombination f~ = <
* Neutral gas — plasma friction




ITER divertor detachment: lJ JOLICH
Plasma pressure gradient [Pa/m] provided by:
MAR < EIR < p+H (CX) < p+H (elastlc) friction

MER, cose 2011, single fluid, medium density o —IEOETT R o 100 Pa/m
-m- MAR i 50| 50
i . £ 0 Pa/m
... . J'-100 Pa/m

MAR: VOLUME RECOMBINATION MOMENTUM LOSS, Po/m

p+H,(v) > H,* + H e+p > H + ho

etH,* > H+H etpte > H+e
. I;'ERI e .: i m i N seop ITER, <ase 2071, single flu medium density . 100 Pa/m
§ 0 Pa/m

s - .1 =100 Pa/m

= D+ FRICTION (MAMLY ELASTIC), Pa/m

p+H2 elastic




Plasma chemistry is localized in divertor. 0 JULICH
Provides powerful particle, momentum and
energy volumetric sources for plasma flow.

Continuity eq. for ions and electrons

gniJrV(ni\7i):Sni

Momentum balance for ions and electrons

¥ Cross-field transport
1 by turbulent ion fluxes

_Vp, VI + Zieni(E+\7i X |§)+ R,
=0

~Vp, —en,(E+V, x B) +

g(mn.\f )+ V- (mnVV; )=

lonisation

pull

e

' . Eroded Impurity
N lons Leak /%

energy balance for ions and electrons

[ Snm g )1
2 2

d i
= (5 MN =0 V= = o L :
V| =nT +—V° V. +[[. V. + 7
’ ’ e j# Escape via
= (eniZiE - ﬁ)\z -Q, Bypass §_J2 g divertor plasma
leaks

g §neTe +V- EneTe\7e+qe = —enE-V. +R-V, +Q, +5¢
al\2 2



Plasma chemistry is localized in divertor. ,' JULICH
Provides powerful particle, momentum and
energy volumetric sources for plasma flow.

Continuity ed. for ions and electrons

gni+§-(ni\7i):

Momentum balance for ions and electrons

2 (m nv. )+ V. (m.n.V.V. )

—Vp, =V 11, + Zen,(E+V xB)J+ R S __
~Vp, —ene(E +V, xB)+R, =0

m.V.

energy balance for ions and electrons

2 §niTi+m\7i2 +
a\ 2 2

~ [(5 R
V-|l=nT m, 'V V. +0.
{(2 11 + 2 } HI + qu|

=(enz,E-R)V,-Q,

2 §neTe +V- 5neTeVe+q’e :—eneE-\7e+F§-Vi
a\ 2 2

In magnetic fusion:

focus is on plasma flow, turbulence,....
(unknown, and computational challenge),
taking the

S terms (A&M data) as , known*,

and computationally , in hand“

Selection:

Non atomic physics experts
Disconnection between ,fusion* and
atomic physics communities
Implementation:

Very time consuming

Software duplication

Results:

Comparison of results from different
groups is often highly dependent
on the atomic data used

See: Enrico Landi (CHIANT]I),

. tP:| on atomic database for astrophysical

plasmas (IAEA-NFRI, 2012, Daejeon)



Atomic & molecular processes: boundary pIasmaOJ['JLICH
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e,p + C, CXHy ..., e+CXHy+ — .... C erosion and migration, tritium
retention in remote areas,.... Excited states of products (CH(A->X)) ?
R. Janev et al., Phys. Plasma (2004) 11



Proposed ITER divertor strategy: .
decision at the end of 2013 O JULICH

BASELINE

H/He D/DT

Full-W

CFC monoblocks at 10 MW m=2,
W monoblocks at 5 MW m-2

21.11.2013; The ITER Councll
approved the 10 proposal and

decided to commence operations
with a full tungsten divertor...

23



FULL-W START

BASELINE

Proposed divertor strategy:
decision at the end of 2013

H/He D/DT

A )0LICH

FORSCHUNGSZENTRUM

Full-W

D/DT

~10 years

W monoblocks at 10 MW m-2

24



Tokamak/Stellarator boundary: #) OLICH

FORSCHUNGSZENTRUM

hybrid plasma (fluid) neutral/impurity (kinetic)

« Status:

transition from computational science to computational engineering currently
ongoing (e.g. divertor design for ITER, DEMO, W7X,JT-60SA...)

despite many deficits still

 But: long list of deficient understanding:
In particular: plasma material interaction (empirical laws only)
but also: sources, parallel flows, cross field turbulent fluxes....

« Goal: separate all known (ab initio) model parts from the
still unknown (ad hoc) parts, often by detailed computational bookkeeping.

Ultimately: isolate anomalous cross field transport as only remaining
unknown, to make it accessible experimentally.

- sub-Goal: at least: turn A&M&S data issues from unkown to known (at
least to: “evaluated”, “publicly exposed”, “ITER reference data set”)

25



Thank you for your attention!

RRRRRRRRRRRRRRRR
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Outline ) J0LIcH

D: A&M data sensitivity (= uncertainty propagation)

= 1. status: A&M data: sensitivity analysis in OD plasma
chemistry models.

= 2. outlook: A&M data: sensitivity analysis in current edge
plasma flow models ???

27
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Uncertainty propagation and sensitivity analysis

Atomic structure

collision codes experimental data

Velocity distribution:
Boltzmann solver, —» Processed data (rate coef.)
Maxwellian N \
CR transition matrix A =
A_excit+
A_radiative+
A_ionis+
A _cx+
_ A_recomb+....
Linear algebra, v

ODE solvers effective rates,

population coefficients
cooling rates,
beam stopping rates,....

28
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Uncertainty propagation and sensitivity analysis:
journey of data...

Atomic structure

A&M experts

collision codes experimental data

—p PMI, and kinetic models

N\

near
edge plasma
far

/

_~ core plasma

1
Machine design and operation

29
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Uncertainty propagation and sensitivity analysis

«—— Atomic structure

collision codes experimental data

Monte Carlo

< Processed data (rate coef.)
A
CR transition matrix A =
A_excit+
A_radiative+
A_ionis+
A _cx+
A_recomb+....
\ 4
effective rates,
population coefficients
cooling rates,
beam stopping rates,....
reduced chemistry models

\
pde, CFD, spectroscopy  Machine design and operation  Fusion plasma sciénce



A )0LICH
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Uncertainty propagation and sensitivity analysis

Monte Carlo

«—— Atomic structure

collision codes experimental data

:>' Processed data (rate coef.)

v
CR transition matrix A =
A_excit+
A_radiative+
A_ionis+
A _cx+

A_recomb+.... | >
\ 4

effective rates, Sensitivity,error propagation

population coefficients to final model results:
cooling rate‘_s, PDEq, IDEq,...
beam stopping rates,.... leave to modelers,

reduced chemistry models spectroscopists

31



A&M sensitivity, uncertainty propagation in 0 JULICH

fusion reactor design and operation:
How do uncertainties in A&M data propagate to
divertor target heat load

CFD

(2D,1)

>

AM&S kinetic (3D3V,t)

&>

FORSCHUNGSZENTRUM

HYDKIN (0DOV,t)

(adjoint) HYDKIN sensitivity (ODOV,-t)

Recent development

design approaches

e

Available since 30 years

By-product from “adjoint” based automated divertor

(adaptations from methodology in automotive and
aeronautic applications)

32



Mitglied der Helmholtz-Gemeinschaft

Introducing adjoint sensitivities

Coils &
transformers

Magnetic
equilibrium

Grid
generator

Plasma edge
simulation

Temperature

plasma edge
Simulation

#) JULICH

FORSCHUNGSZENTRUM

Target
heat load

265 2.7 275 2.8 285

Desired
change




Sensitivities from adjoint flow simulation #) JOLICH

FORSCHUNGSZENTRUM

Coils & Magnetic Grid Plasma edge Target
transformers equilibrium generator simulation heat load

Temperature

265 2.7 275 2.8 285

Desired

0 9 Adjoint Chi:;qe
i Bl o
fo+t] O v.i=| 1
oo ;

\ 1 \ —2




#) JULICH
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Sensitivities in practice

Coils & Magnetic Grid Plasma edge Target
transformers equilibrium generator simulation heat load

Temperature

265 2.7 275 2.8 285

Desired
Adjoint change
cost (I) plasma edge

Simulation

)

Details:

M. Blommaert et al. “A Novel Approach to Magnetic Divertor
Configuration Design,” Journal of Nuclear Materials, 2014.

Mitglied der Helmholtz-Gemeinschaft
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