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Usage of ADAS data in the Monte Carlo
codes for particle transport simulations
In plasma (on example of ERO code)
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Motivation:
plasma-surface
Interaction (PSI) In
fusion devices
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@ ITER — first wall materials A JULICH

FORSCHUNGSZENTRUM

700 m?2 beryllium first wall
- ITER
e - oxygen getter

100 m2tungsten baffles, dome

«%\ \ - high Z
X\ - low sputtering

| FIRSTWALL -
% - 50 m2 graphite CFC target plates

- no melting

Beryllium

Plasma-surface interaction in
divertor can determine the ITER
availability . . .

DIVERTOR
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@ ERO modelling strategy 0 JUUCH

Code development:
- PSI| & transport

- material mixing

- castellated surfaces

Benchmarking:
- PISCES-B (with beryllium)

- TEXTOR
- JET, ASDEX-UG, ...

- atomic data, ADAS

Estimations for Coupling with other

ITER: codes:

- tritium retention - plasma parameters from:

- target & limiter lifetime e.g. B2-Eirene, Edge-2D

- Impurities into plasma - surface mixing: TriDyn, MolDyn

29/01/2009 D.Borodin | ADAS course | Forschungszentrum Jilich No 4



@ Linear devices — benchmarking experiments 0 JULICH

FORSCHUNGSZENTRUM

z 2
€ »
S 3
® m
| &
v
- A ——
mi
8

P ax Slm:JIatlon
column | vorime
AT
1 gl 1
P i E 1 ™

Rl DU A

I : i 1

: E 1 |

: | Target | |

| :

I H 1

| 1
A . . - 1 ] R

! ,/ ‘\: X PSI-2 facility (Berlin). Planned to be
5:2; ------- P e 2 transferred to FZ Jiilich in 20009.
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Be experiments at PISCES-B A) JOLICH

FORSCHUNGSZENTRUM

Visible spectroscopy
In-situ ACS/XPS/SIMS windows

': &
Q\ ] h r ‘-:"-_’ Main plasma

High temperature

experimental chamber N
MBE effusion cell

o used to seed A
Steady state X
suide field plasma with
—— magnets evaporated Be
R LLTLERS ) x I
153 mm |
Sample ( )I
transporter 1
102 mm ! Beryllium 195 mm
<€ > ! impurit
Interlock Steady state i Impu_l'l y
chamber plasma source | seeding
RGA / :

<Axial spectroscopic field of view

Thermocouple

Cooled target
holder

Deposition
probe <\

Radial transport Water cooled Mo

guard heat dump
Heatable
deposition probe * Resistive heating
assembly Thermocouple ~ C0ils
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S Outline #) JULICH

FORSCHUNGSZENTRUM

* Monte-Carlo (MC) method
¢ Error estimation
e Random generators
¢ Edge plasma and PSI simulations
¢ B2-EIRENE code (SOLPS)
® ERO code
¢ ERO light emission model
¢ ERO - PSI modelling (TRIM, TRIDYN, MolDyn)
¢ Elastic collisions
¢ HYDKIN database
e ERO — examples of application
¢ Hydrocarbon injection at TEXTOR (D/XB)
® Test limiters — W and C
® Be spectroscopy patterns at PISCES-B
¢ ITER predictions (divertor plates lifetime, tritium retention)

¢ Technical issues (ERO) — paralleliazation, benchmarking

29/01/2009 D.Borodin | ADAS course | Forschungszentrum Julich No 7
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FORSCHUNGSZENTRUM

Monte Carlo basics

29/01/2009 D.Borodin | ADAS course | Forschungszentrum Jilich No 8



@ MC method — error estimation 1

#) JOLICH

FORSCHUNGSZENTRUM

For numeric calculation of k-dimensional integral error (“guaranteed error”)

can be estimated as
5~ dA- N~

5 <0.01dA= N >100*

Already by k=5 really challenging number! . .

Monte-Carlo approach — let’s use mathematical expectation!

M(s;) =] f(P)dP=1(f),

S; = f(PI)

1

Su()=cs, =M(S,)=1(), DS, (1) =D(F)

Chebyshev inequality:

Any pair of s; independent

§~|Sy(f)-1(f)< D(f%N & P=1-7 from each other!

n=001= & ~10/D(f)/N

D(Sy) < D(Sy) = D(f)

29/01/2009
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@ MC method — error estimation 2 OJULICH

FORSCHUNGSZENTRUM

More precise estimation is based on central limit theorem:

Sy ()= 1()] _
JD(F)/N

1 (= t?
Sy (F)=1(f)|</D(f)/N ~p0(y)=1—§jy exp[—Ejdt

2
o(y) zzi j ’ exp(—%}dt All s; are fully independent!
JT v—®

...................
e
3
3

Sy ()= 1(1)|<B/D(HIN <P =0.997

S, ()= 1(f) <5YD(F)/N < P=099999

*
.
.
.s
-------------------

Some demotivation: D(f) should be kept small!..

2 main ways to improve performance;

1) Choice of integration points distributed as g(P) e.g. such that
f(P)/g(P)=const.

2) Separate the integration region into sections with various dispersion.

29/01/2009 D.Borodin | ADAS course | Forschungszentrum Julich No 10



@ MC method — practical shooting #) JULICH

APTWMIEPHY] __===———= = == This problem was solved
——— === (with acceptable accuracy!)

——
i et
oy
i —
[

sl

o |

B ™ learned how to integrate . . .

dnnune pacceusanusn

uf g
; a Tpaexmap” Py
= ¢ gocot aemBb Hucxods g Mi“'ﬁa
i @
n‘l-ﬁuﬁuﬂ ¢ Bepwiuna  mMpaeKmopad
= Yran
Brocanus fopuiowm opydus nadnun 4

g - S A T o
S SIS IS SIS eSS
SIS AN SRS TS SIS TSI/ S - —
¢ - j ——————| Cpeduss movua
e
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@ MC method — practical shooting A J0LICH

FORSCHUNGSZENTRUM

O (a,t,V,,,(t,2)) Vi (t,2)

f(x,y)
Determined solution:
(x,y)= Nﬁ) (e,t,V,, (1, z))dt)d a — solid angle!
Monte-Carlo solution:
a — correct distributed arbitrary value
s, — how many trajectories come to [ +dx, y, + dy] Obviously, trajectory
of a plasma particle
Typical task — find dispersion. IS much more
complicated!

Determined solution: 2 more integrations by X,y

MC solution: just find dispersion of S, . . .

29/01/2009 D.Borodin | ADAS course | Forschungszentrum Julich No 12



@ MC formulation — elementary processes #) JULICH

FORSCHUNGSZENTRUM

Let’s assume that on specie can act processes 1, 2, ...

= (vorn, N+ (o, N+..
B = ne(<V01>+<V62>+...)
dWN:J‘ﬂdt:—lnN =pt+C
N, ,=1=C=0
N = exp(- At)
AN Monte-Carlo approach: decision is taken
Pange ~ N = AN :1—exp(— ﬂAt) based on comparing of probability P with

random generated value ¢.
P<.?.>¢&¢€[0]]

AN . . .
Prochange ~ N =AN = exp(— ﬁAt) More convenient in this case.

Decision concerning which of processes 1, 2, ... has occurred can be taken
based on additional random value ¢,

29/01/2009 D.Borodin | ADAS course | Forschungszentrum Julich No 13



@ Summary of MC method advantages !)J['JLICH

FORSCHUNGSZENTRUM

e Calculation error does not depend directly
on the problem dimensionality o——

« Usually the mathematical expressions are
relatively simple (free from additional

Integrations)

» Realisation of many physical processes /

like particle movement is very natural and

straightforward. It is easy to control the \
reasonability of intermediate results. it

« Easy to treat complicated 3D geometries.

« MC method is quite time consuming, i~
however very suitable for parallelisation.

29/01/2009 D.Borodin | ADAS course | Forschungszentrum Julich No 14



@ MC —random generator challenges OJULICH

FORSCHUNGSZENTRUM

1) Generated numbers are fully independent!

 No or at least very long period.

 Generated numbers are equally distributed along [0,1]
2) Generator does not consume too much CPU time

3) Itis possible to reproduce the generation exactly

3'5__ —=— left edge) R
304 —+—right edge
Example
For N uniformly distributed a2 5
random numbers the average S .
number of hits, <n>, in the % 2.0-
ranges (0,¢) and (1-¢1) % 1 5]

Sshould be equal to N. If we _
select e=1/N, then <n>=1. 10 <>, .
. A - "‘--_________-.

10° 10° 10" 10° 10°
number of randoms, edge 1/N

A specific algorithm must be tested together with the random number generator
being used regardless of the tests which the generator has passed . . .

29/01/2009 D.Borodin | ADAS course | Forschungszentrum Julich No 15



MC — RG negative example

#) JULICH

FORSCHUNGSZENTRUM

(o)}
©
| —
]
>
@©

“Not optimal” random generator — combination of 3 recurrent formulas from
“Numerical recipes”. Average of odd (blue) and even (red) numbers.
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Plasma simulations,
EIRENE and ERO codes
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@ Codes for fusion plasmas #) )0LICH

1D core,
e | | MACROSCOPIC

& Plasma flow
’'B2: a 2D multi speies (D7, Parameters

He**, C4*-¢* ..)) plasma
fluid code

R codes:
(HYDKIN)

Source terms

(Particle, |
Momentum,
Energy)

EIRENE: a Monte-Carlo
neutral particle, trace ion
(He*, C*, C**) and radiation

transport code.
see www.eirene.de A\/

MICROSCOPIC 2RO, PIC

29/01/2009 D.Borodin | ADAS course | Forschungszentrum Julich No 18



& Codes for fusion plasmas #) )OLICH

RRRRRRRRRRRRRRRRR

MACROSCOPIC R

MICROSCOPIC - ERO, ..

29/01/2009 D.Borodin | ADAS course | Forschungszentrum Julich No 19



EIRENE code

#) JULICH

FORSCHUNGSZENTRUM
&) EIRENE - Netscape EEX |
al File Edit Yew Go Bookmarks Tools Window Help
Q e @ @ | i% http: /i, sirene. def ﬁl . &Zﬂ @
:f E.\ 4 Home W] Metscape Q,Se‘eiich"| % Customize, .,
-~ @NETSHPE - |Enter Search Terms |ﬂ O\ Search 3 Highlight :\‘:!:’:F‘rznn—Lln_:'.EII:n:F'.e-:I: LY | _','yFnrm Fill = - Clear Browser Histaory %News CA Email {:}Weather =
£} Mew Tab | % EIRENE ] 3
| EIRENE
[EmenE EIRENE - A Monte Carlo linear transport solver
Contact
Manual
AftH Data
Surface Data
Downloads
Gallery
Albert Einstein Sheow's Principle:
Links
Search
i “Brerything should be made as simple as | | "Build a system that even a fool can use,
possible, but not simpler.” _ ':!_ [ -. and only a fool will want to use it”
i |
|
Simulations for
neutral particles!
= ! Ciane = i
[ B =
29/01/2009 D.Borodin | ADAS course | Forschungszentrum Julich No 20



@ EIRENE — mesh generation

#) JULICH

FORSCHUNGSZENTRUM

mmands  Variables  Options  Window " _Variables Te: |%
ficd -

Remove

File Edit View Co
T -

[ Exzming | Hz Hark =t | Rz Zoom/Pan ._al

General Surface Data

Structure
Input for b2plot
Elements not for Eirene

Radiation Sources =

Suitch- 7|[e Gt
Shadowing Structure s A
Tt reeomion " Euitche] 1| o Sot
Plasma species - =

Cell Increment 1| 0 e,
Mid-plare location Plotting Colour il 41 e,
Global Eirene data e

Absorpt ion j o et
He pumping data

F Transparency Out il 0 i

Tranzparency In j o et

Wall Haterial j F
21l

Variables 19 boundary markers

L
| 2

Gas puff

=+
W Chemical sputtering

:-ll Surface special

PFR surface group
Grid edge material
TRIA-EIRENE parameters

Wall Temperature

m Close Eel_pl

Help ﬂi}:llck ? faor
Puffing =lot ﬂ Hark I EFLtI
Puff cell j 1 _|
Gas species il e _I
Puffed flux :
Particle energy j il J
fngular distribution j it

fngular P j HE J
Hizstories j Ao J
Hinimum histories j i J
Ihitialisation j ool J

Yariahles

‘® SO0 1 ‘]%éig-‘ 4 ‘_,;.--- Pror | a4 Citrix |5 JET-X X dg Konca & Konse X Netsa @ emaa ‘%‘ E&‘S’E

For ITER: 2D GUI, CAD - EIRENE available

B
|

Tetrahedral Mesh
Generator and 3D
elaunay Triangulator
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A EIRENE — simulation region A J0LICH

FORSCHUNGSZENTRUM

. Plasma flow field
’ in ITER Divertor

ERO
simulation

~ \/' region
l

M/s

| \ | [ \ \ |
-5.000E+04 -3.571E+04 —2.143E+04 -7.143E+03 7.143E+03 2.143E+04 3.571E+04 5.000E+04
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#) JULICH

FORSCHUNGSZENTRUM

ERO code
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@ 3D MC impurity transport code ERO A J0LICH

FORSCHUNGSZENTRUM

Wwww.ero-code.de

Background Plasma

B\

Input:
ne1 Te,i’
geometry PFC (substrate Be, C, W, Mo, ...)

Local transport: Plasma-surface interaction:
v jonisation, dissociation v physical sputtering/reflection
\/friction (Fokker-Planck), thermal force \/chemical erosion (CD,)
v’ Lorentz force (including EXB component) \/(re-)erosion and (re-)deposition
v/ cross-field diffusion v NEW: coupling with TRIDYN

29/01/2009 D.Borodin | ADAS course | Forschungszentrum Julich No 24



@ c£ro: calculation of light emission  # JULICH

FORSCHUNGSZENTRUM

PEC data (adfl5).C*, 465nm

At first, ERO
calculates the 3D
density
distribution of
respective
species . . .

This stationary
approach implies
“-.; | that both

| excitation and
0 emission acts
' happen inside
the volume cell
at hand.

-3
n,[cm™] ¢
x 10"

10—v0 S0
Te [eV]
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@ ADAS data: effective ionization of Be

#) JOLICH

FORSCHUNGSZENTRUM

-7

lonisation of Be®

lonisation of Be*

x 10

P:DAS "93"
1.2f —+—ADAS "93'
ADAS "93"
| --= ADAS "96'

——ADAS "96",
| ——ADAS "96"

n =1.07e+01 2cm™

0 =2.40e+012em™ |+

ne=5.40e+012cm'3

' n_=107e+0120m™ |/
n_=2.40e+012cm ™} »

ne=5.4Oe+012om'3

" n_=1 07e+012cm™
ne=2.40e+012om'3

", n_=5.40e+012cm’ NS
", n =1.07e+012cm® 7/ 7
'\ 1 =2.40e+0120m3| S AL
", n_=5.40e+0120m™

[ —— Lotz

.IIIIIIII-: I

=_——.-.

,’ ~PISCES B RN
relevant plasma
> temperatures 7]

- ———c

M2 TRiscEsB TN
V- \ relevantplasma ,
1 " Y """"" > temperatures_ ~

/’—N-;_ _—

10 10" 10°
T [oV]

ERO database of atomic data is continuously updated according to the
respective changes in the ADAS.

The density dependence of effective rates was shown to be of importance
In @a number of cases.
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@ Bel —'2 level' approximation scheme !)JULICH

FORSCHUNGSZENTRUM

A
E
v Singlets Triplets Effective rates:
| N 1) <IzG> - ionization
P from "GS"

"""""""""""""""""""" 2) <IG> - line intensity,
assuming full
population of ""GS™

Line of -t 2 One effective PEC (photon
@e;' /: efficiency coefficient) for each
\ 4 \ 4

line + effective ionization

Effective rates represent all
possible transitions including
1s22s2p 3P cascades, however not the
(GS” ‘slow’ evolution of level

152252 15 populations.
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@ Bel — 1 MS approximation scheme OJULICH

FORSCHUNGSZENTRUM

N
E - .
1) <ExGM> - excitation from
Ip A3 A4 IIGSII to IIMSII

I R S 2) <EXMG> - deexcitation from
IIMSII to IIGSII

3) <IzG> - ionization from ""GS"

4) <I1zM> - ionization from

- 5 6 L ] e
Interest ' 5) <IG> - line intensity,

11
v VYV ' contribution from ""GS"

I
/ 6) <IM> - line intensity,
contribution from "MS"

5, 6 are individual for every
line of interest!

l

I

l

"GS" 1s22s2p 3P |
1 l

I

r
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Line intensities — MS population

#) JOLICH

FORSCHUNGSZENTRUM

Singlet

Bel 4574A, n_=1.07e+012

Triplet

Bel 3322A, n_=1.07e+012

4 —————— : 16 — — . .
—— MSres., Te=2.6eV T : :
— Unres. , Te=2.6eV Ty LSy USSR LA /
35 ——— MS res.. Te=17ev| 14f|——Unres. , Te=2.6eV
== Unres. , Te=1.7eV ~~= MSres., Te=1.7¢V
= | T MS res., Te=1.3eV| = 12p~ --- Unres. , Te:_1.7eV """'E——
.9.. ...... Unres. , Te=1 3eV K © MS res., Te=1.3eV
> — T E E 10k Unres. , Te=1.3eV
225 2 RN A
= £ 8 T
2 < :
5 2 SoETTEeNIITRT T = 6 i
i SRE
1.5 i 4
|||||||lguuuéuliu::-t:-i-éni:- ------- liuul:uuéulgu:llgli:l:l IIIIIIIIE::::
10™ 10° 10" 10° 10° 10"
Population ratio MS/GS Population ratio MS/GS
| ~ Ngs - (Vo) (N, T,) N, + Nys - (va) (0, T, ),
Large for singlets Large for triplets
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Line intensities — stationary approach #) J0LICH

FORSCHUNGSZENTRUM

3

Singlet Triplet

ADAS, Bel 4574A, n_=1.00e+012 ADAS, Bel 3322A, n_=1.00e+012
—wmsiGsEquiib)} 37 15T [—Ms/GSEquilib.) |
— {| ===l unres. —_ i|===1unres.
= — | res = —_—| ras
@, 0.8} : = 0.8} _
. === lres., MS*10 " 1 e | res., MS*10
3 ' |res, MS/10 | s | res., MS/10
= cHp -y - = -y N NN
2 0.6 o 0.6 fidiH
| _|
7] 7]
= 04 = 04
5 5
3 E
S02 §o2
ok ok

dN
0= dtGS = —(EXGM )Ngs —(12G)Ngs +(EXMG)N g Ny (EXMG)
soronch Nes  (EXGM )+ (1zG)
ONgs + Nys =1

"
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@ Lineintensities — dynamic approach 44 JULICH

FORSCHUNGSZENTRUM

(AN
dt
dt:—t“"S:—<ExMG>NMS ~(1zM )Ny +(EXGM )N

(EXGM )N — (12G)Ngq + (EXMG)N ¢

N

ADAS; T.=1eV, n=2*10%?cm-3

—_—

— Equilib.
—e— Dyn, init. 100%MS

Analytical solution
(Cy, Cyin 4, 4, determined by rates) :
dN;, (t) = C,, expl(= A,t)+ C, exp(= A,t)

o
o

o
~

Realtive population of MS: MS/{(MS+GS)
]
(0)]

0.2}
Relaxation time between MS and GS e ;
is 10°-10%s ol — =
10 10 10
time [s]
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Higher hydrocarbons

(chemical reaction chains and D/XB for CH)

D.Borodin | ADAS course | Forschungszentrum Jilich



@ HYDKIN #) JULICH

FORSCHUNGSZENTRUM

Hydride Collision Databases
for Technical Plasmas and Fusion Plasmas

Reviewed Database Series 2002-....,
FZ-Julich (R. Janev, D. Reiter), www.eirene.de  www.hydkin.de

Methane (CH,) C,H, GC;3H, Silane (SiH,) p,H,H H, H,* H*

Y BL o
Forschungszentram dalich g '
: ! ’ " Forschungszentrum 1o fich ' Forschungsdentrum Milich J
. ; rbrum JO& ‘ e gt
J orchungstentrum Jlih g : 1 s bty G catt "
L ) 3
|||||||| fir Plasmaphysic ¢ h
k \ ottt for Plasmaphysik
EURATOM Association, Trilateral Euregio Cluster ; 2:;;.:;1‘;: Plasmephysk . A, EURATOM Astodsrion. Trilstar! Euregio Cluser
Assoiation, Trilateral Eursgio Clus
gﬁ:::: :ﬁ;de:;; : :‘2;:::?“” o2 R s intiocarblh CBllision Processes of Hydrocarbon Collision Processes in Low-Temperature
¥ . o Pec pec - Hydrogen Plasmas
I. The Methane Family - racies in ihdgoeniifatmal fﬂ' T;sslz;r?:ir:ﬂn ”am?” I
Il. The Ethane and Propane Families 3 ¥ — ey Rt s T e
B 5 foee P i i ki K. Jarvew, Detlev Reiter I“‘ o

JUEL 3966, Feb 2002 JUEL 4005, Oct. 2002 JUEL 4038, Mar. 2003 JUEL 4105, Dec. 2003

Phys. Plasmas, Phys. Plasmas, Contr. Plas.Phys, Encycl. Low. Temp.
Vol 9, 9, (2002) 4071 Vol 11,2, (2004) 780 47,7, (2003) 401-417 PI. 2007 (in russian)
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@ C-H database in ERO code #) JULICH

FORSCHUNGSZENTRUM

Reaction chains of hydrocarbon molecules (Janev / Reiter)

\4 A 4 \ 4 A 4 y
314 reactions! b CH,* »| CH.* b CH,* L CH* NN C2+

Emission data
Cll, CllI < 1 ADAS
CH A-X, C, d-a <[ 1 U. Fantz et al. 2005

Probably this is not enough . ..
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Surface data,
PSI part of ERO
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@ PSI - 1: main processes and TRIM code OJULICH

FORSCHUNGSZENTRUM

Monte-Carlo method: TRIM code (Eckstein et al.)

Sputtering  Reflection Deposition Chemical Erosion
b cH,
o\o ° eoéoo o\ooo oo!o’o ~Y
surf
a few ® X o0 00 oleo oo olojeooe
nanometer O‘O... e 0 00 o o0 |0 /0 O
o0 0000 o0 00 o/leo o0 oloj0o o
solid o0 0000 o0 00 oo o0 oio/0 o0
o0 0000 o0 00 o0 00 0.000~Ytherm+YC—C
o0 0000 o0 00 o0 060 o000
o0 0000 o0 00 o0 060 o000 00

TRIM : TRansport of lons in Matter (TriDyn, SDTrimSP)

¢ using random numbers (e.g. to decide whether collision or not):

¢ binary collisions between impinging ion and target atoms

(elastic, screened Coulomb-potential) = collision cascades

e inelastic electronic energy loss

“Monte-Carlo”

0 output: reflection coefficients/ physical erosion yields /
: concentration-depth profiles / layer growth

29/01/2009
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@ PSI — 2: chemical sputtering #) JOLICH

FORSCHUNGSZENTRUM

Chemical sputtering yield in dependence on impinging flux

LR L L | L LA | LA |
ot J.Rothetal. | Chemical sputtering
L. 2 : decreases with
/C\ 1 \ : . .
S \‘E*““' I . _ increasing flux
& T |
© 1VI \‘Agu‘
2 f N \%,fiég - A
> e B RS mA L
5 LN T
S 107 ° :;)g Beams IPP et TN
o E o 11 NO A T
o] : | 1 li) _ _
= | Do ouerdiv ﬁ\ | ™J | Chemical sputtering
= - ToreS 2002 e depends on surface
2 ¢ TEXTOR L' { |temperature, contance,
O o L1 ]
v JET 2001 morphology, . . .
10-3 LA | L | LA | LA | L
1019 1020 1021 1022 1023 1024

lon Flux (m?s™)

Flux dependence is predicted by model of thermal reaction cycle.
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& #) JULICH

FORSCHUNGSZENTRUM

Elastic collisions
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& Elastic collisions in ERO #) 0LICH

FORSCHUNGSZENTRUM

Elastic neutral collisions (ENC):
e MC formulation : during time step dt the tracked particle experienses

an alastic collition acoording to a random number &, £ €[0,1]:

5 > exp(—<0\/>* nntrI *dt)
e The rates <0V> are calculated using the routines by A.Pigarov

¢ The direction of particlesis assumed to be opposite to each other
and arbitrary in the center of mass system

e For linear devices n,, = n(D, )is often assumed to be uniform in the volume
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@ Benchmark of elastic collisions model

#) JOLICH

FORSCHUNGSZENTRUM

Be injection w/o plasma . . .

Deposition in 2400s simulated by ERO Density [cm ] of Bel.
_ @ Simulated points | .'
! R Approximation ol =
Rate estimation |+ £ 200
3 =
107 weight gain 6 Tar ?.-‘_'""7 ................... g
5 1.5*10%g was BECE S 150
p registered in / ©
2 experiment &
= — g
2 10 THm— A o
= g ©
Ll | El 50
',.*"' Estimated %
o~ injection rate
5 4.03*10%Be/s _ _
10 _““,‘ ...... - - ............................................ 150 -100 50 0 50 100 150
Lo . i : X [mm]
10" 10'° 10% ,
Seeding rate [Be/s] 2 4 6 8 10 12
2g of Be is spent in more than 10 hours of oven operation.
This gives a rate of about - 3.7*10%Be/s.
W/o elastic collision with neutrals there would be no Be at target!
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Examples of ERO
application
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@ Plasma parameters at PISCES-B !)JULICH

FORSCHUNGSZENTRUM

Hectron density [er?] Electron temperature [eV]
200

3

e Plasma column
| width is about 5cm

Be .n,ect.o  VVessel radius is

about 20cm filled
with neutral gas

Q

* Be comes into the
volume from
Injection or (and) as a
result of Be target

z (along the plasma column) [mm]
[
& 3

erosion
ol 0
50 50 0 50
X [n] X [mm]
B T T S ~ e
5 10 15 4 5 6 7

X 1011
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@ Be spectroscopy at PISCES #) JOLICH

FORSCHUNGSZENTRUM

Bel, Bell emission is registered:

by 2D camera by spectrometer with a spatial resolution
L ey G (the radial profile position and direction

(1.2*10%2cm-3, T,=10.5eV) can be varied)

Emiss. int. [Ph/(sr*s*cmz)] of Bel.

250r

[mm]

Experiment
N
o
S

-
(6]
o

EBe injection Target profiles

$)
o

z (along the plasma column)
o
o

-200 -150 -100 -50 0 50

o

ERO modelling
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@ Neutral Be emission 457nm (injection) #4JULICH

"Low density” case Y e .
n=1.2*10"cm" P T s, i ERO(input par.), n,
et S g --=Exp., Bel

T,10.5¢V v |=—ERO, Bel

o
[ =]
{

=
(o)}
L

Profile/max{z=150mm)

0.4+ )

o

-JJ ....
0247 £

ﬁl

2 o

100

Z (along axis) [mm]
Target

The ERO modelling is in a good agreement with experiment (PSI-2008)

No 44
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@ Profiles direction - illustration #) JOLICH

FORSCHUNGSZENTRUM

Be injection cross plasma

Be sputtering from target

- -5 ->
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@ MS implementation into ERO — effect illustration 0 JULICH

FORSCHUNGSZENTRUM

Populat., intens. ratio, density - normalized over 1

A narrow monoenergetic beam of Be®, comming through plasma.

ne=2.Oe+12cm'3, Te=8.0eV, v=8.0e+03m/s (E=3.00eV) ne:1.Oe+12cm'3, Te:B.OeV, v=1.6e+03m/s (E=0.11eV)

1L-1-_-----é--------ugi; ------------------- § —e—n/max(n,), T fmax(T )
: 0y :

——|(TF.)A(S.)/30.0, init. 100%GS
—e— |(Tr.)1(S.)/30.0, init. 100%MS

0.85 ] S v WSt === Density Be?, init. 100%GS
: : . | ==~ Density Be®, init. 100%MS

[—e=n_max(n_), T_imex(T_)
; | ——1Trn(s.110.3, init. 100%Gs

0.8 Sgg | g (T )A(S./10.3, init. 100%MS ]
: | ==="Density Be? init. 100%GS

2 == Density Be®, init. 100%Ms
06 e e P !

0.4f " _——— S 1€ 04

0.2 0.2

et

......

Populat., intens. ratio, density - normalized over 1

0 50 100 150 200 -60 -40 -20 0 20 40 60
X (along profile) [mm] X (along profile) [mm]

Initial MS population and plasma parameters gradient strongly affect:
1) Triplet/singlet line intensity ratio (4573A and 3322A)
2) Be? density (MS population affects ionization)
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@ Modelling of experiments with nozzle #JJULICH

FORSCHUNGSZENTRUM

Vertical _ —
observation CD light emission

(CD, injection)

Horizontal #980381  TEXTOR

observation

‘\\.

B

'gas inlet & field
\ s!he

N b Y
top view 430.7+/-1.0nm

#98032 _——  TEXTOR

Gas inlet Hydrocarbon injection
(cp,, C,D,, C,Dy) / L

Limiter lock

system
D 1D, CD FC D, gasinle’fﬂ
[ XB ] A-X - CD B rom T sideview
d)A -X

29/01/2009 D.Borodin | ADAS course | Forschungszentrum Jilich No 47



@ Modelling of experiments with nozzle #JJULICH

FORSCHUNGSZENTRUM

z (to plasma center) [mm]

Modelled 2D light emission of CD A-X band from CD, injection at TEXTOR

CD photon flux [Phi(sr*s*cm?)] (Side view) 1416 CD photon flux [Ph/(sr*s*cm?)] (Top view)
60¢ 40¢
30t
50t
g 20}
40t 7 oy
g b
16 3]
% 0
{5 = 16
S -10¢t
o
o
£ 20}
>

-30t

| s . -40k . . . .
-40 -20 0 20 40 -40 -20 0 20 40
X (toroidal direction) [mm] X (toroidal direction) [mm]

LCFS at 15 mm above inlet tip

T, (LCFS) = 55 eV
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@ Modelling of experiments with nozzle #JJULICH

FORSCHUNGSZENTRUM

Modelling vs. experiment: radial profiles of CD, C, and CIl emission

104 [-- cD (ExP) LCES 4 104 |--- C, (EXP) LCFS .
1 |—— CD (ERO) ——C, (ERO)

0.84 |~-—-ClIl (EXP) 1 081 | cilEXP) .
—— CII (ERO) _ | ——Cil (ErO)

Normalised intensity

gas inlet 0.0 ~ryetmgempaiormsaiits gas inlet

42I43I44I45I46I47I48 49I50 42l43l44l45l4l6l4l7l4l8 4I9l50
Radius [cm] Radius [cm]

CD, injection C,D, injection

Good agreement between modelled and observed penetration depths

29/01/2009 D.Borodin | ADAS course | Forschungszentrum Jilich No 49



@ Modelling of experiments with nozzle

#) JOLICH

FORSCHUNGSZENTRUM

Comparison of effective D/XB values for CD A-X and C, d-a

D/XB (CD A-X band)

D/XB (C, d-a band)

Injected
species
Experiment ERO Experiment ERO
CD, 36 65 930 -
C,D, 31 80 48 45
C,Dq 27 76 65 62
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@ Modelling of experiments with spherical limiters !) JULICH

FORSCHUNGSZENTRUM

"3CH, injection experiments: deposition and erosion of carbon layers

C lll emission

-In-situ observation of light
emission above test limiter
(dissociation products of CH,).

' - - Post-mortem surface analysis
injection hole g of 13C (and 12C) deposition.

toroidal direction 120 mm

A. Kreter
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@ Spherical limiters — spectroscopy patterns OJULICH

FORSCHUNGSZENTRUM

Comparison of light emission: benchmark for n, T,
13C,H, injection

CH photon flux [Ph/(sr*s*cmz)]

44 44, X 10
CH A-X light
14
45 45r I
F 12
E-ta 546-
= - {10
E % 47
E4? g s
Igaﬂ!. E 48%
€ - i
i 4d 49 4
50 50 y L L . L L L L L d 2
-5 -4 -3 -2 -1 0 1 2 3 4 5 -5 -4 -3 -2 -1 0 1 2 3 4 5
x (toroidal direction) [cm] x (toroidal direction) [cm]

1.0-: —— CH (EXP) LCFS injection 1 1_05 ——C._ (EXP) LCFS injection ]
> ]| — hole > ] 2 hole ]
= ] CH (ERO) ] = ] —CcC, (ERO) ]
n 0.8 ] »n 0.8 1
c 1 1 c 1 i
o} ] ] [} ] ]
£ 061 . £ 0.6 ]
o) ] ] 8 ] ]
» 04 ] n  0.4] ]
[ ] ] < : :
£ 021 ] £ 0.2] ]
o ] \ ] o ]
< 001 — : S 0.0 e

44 45 46 47 48 44 45 46 48
radius [cm] radius [cm]
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@ Modelling of experiments with spherical limiters O JULICH

FORSCHUNGSZENTRUM

Injection of ¥3C,H, and '3CH, through C and W limiters
13C deposition measured by NRA

Rye,=0.8% i

Local 13C deposition Locally deposited 13C

efficiency Ry, =

Ryep is higher for 13C,H, than for °CH,
injected 13C and higher on C than on W limiter
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@ Modelling of experiments with spherical limiters O j[]LICH

FORSCHUNGSZENTRUM

13 .. . . — . _ . .
CH, injection through graphite limiter 13C,H, injection through graphite limiter
Experiment Experiment
. 13 . . 13 .
15 Normalised ~C areal density 1,000 r|d C areal density 1,000
0.8250 grzaShite limiter 0.8750
10 0.7500 B 0.7500
£ 0.6250 € 0.6250
% 05 0.5000 % 0.5000
= 0.3750 = 0.3750
3 f /\ 0.2500 2 “ 0.2500
g 00 , 0.1250 © . 0.1250
0 0
-0.5 :
-0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0
Poloidal axis [cm] Poloidal axis [cm]
Modelling Modelling
1.000 : 1.000
0.8750 0.8250
0.7500 0.7500
g 0.6250 £ 0.6250
2 0.5000 2 0.5000
§ 0.3750 E; 0.3750
2 0.2500 3 , 0.2500
= 0.1250 = 0.1250
0 0
0.0 0.5 1.0 0.0 0.5 1.0
Poloidal axis [cm] Poloidal axis [cm]
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@ Modelling of experiments with spherical limiters

#) JOLICH

FORSCHUNGSZENTRUM

13CH, injection through graphite limiter
Experiment
Normalised *°C areal density

15

1.0

Toroidal axis [cm]

Toroidal axis [cm]

0.0

0.5

1.0

Poloidal axis [cm]

Modelling

0.0 0.5

1.0

Poloidal axis [cm]

0.8250
0.7500
0.6250
0.5000
0.3750
0.2500
0.1250

Poloidal axis [cm]

05 0.0 0.5

1.0

Poloidal axis [cm]

Modelling

1.000

0.8750
0.7500
0.6250
0.5000
0.3750
0.2500
0.1250

Toroidal axis [cm]

05 0.0 0.5

1.0

Poloidal axis [cm]

15

15

1.000
- 0.8750
0.7500
0.6250
0.5000
0.3750
0.2500
0.1250

- 1.000
0.8750

0.7500
0.6250
0.5000
0.3750
0.2500
0.1250

13CH, injection through tungsten limiter
Experiment
1.000 1s_Normalised °C areal densit
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@ Spherical limiters — deposition efficiency 4 JOLICH

FORSCHUNGSZENTRUM

Local 13C deposition ~ Locally deposited **C
efficiency Ry, injected 13C

. . Rdep
Gas Limiter )

Experiment ERO

S =0.15

0) 0 eff

13cH, C 1.7 % 1.9% Y. = 15%
W 0.8 % 1.1 %
150 H C 2.1 % 2.3 %
o W 1.2 % 1.3 %
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& #) JULICH

FORSCHUNGSZENTRUM

ITER avallability
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@ ErOfor ITER - plasma parameters  #)J0

FFFFFF

IIIIIIIIIIIIIII

B2-EIRENE simulations

Electron density (m-3)

. 1E22
g 1E21
=
@)
[
= 1 N
| Inner target !
-4.4- outer target ||

40 44 48 52 56
radius (m)
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ERO modelling of target erosion (0.1% of Be)
0.6

outer

o
>

O
N

O
Q

Sweeping of
strike point
. — —— can increase
0.0 0.2 0.4 0.6 Jifetime

Distance along target [m]

Erosion/deposition [nm/s]

O
N

O
N
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@ ERO: tritium retention in ITER #) 0LICH

FORSCHUNGSZENTRUM

local transport
“ERQO”

+ DO, Be2+  erosion,

impurities reflection

long-range
transport

re-
deposition

remote areas
long-term T retention

divertor target plates
long-term T retention

ERO: -local transport near to divertor plates

- background plasma as input (B2 Eirene)
- layer formation (C and Be) = T retention using T/C, T/Be
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& #) 0LICH

FORSCHUNGSZENTRUM

Technicalities
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@ Parallelization: parametric (MPI)

#) JOLICH

FORSCHUNGSZENTRUM

T -

' . |

! ERO serial main()

| p—

| I MPI Init

' I

I ;

| v | ! b

| [Prozessor PO | P1 Pn
| v | v v
iload parameters i load parameters||load parameters
- ! | v y

| [ sSimulation | Simulation Simulation
I ;

| |

i I

: >Inew batch-file ||

| yes i

I ;

. no i

| ! v

| | MPI Finalize

| I er—l

|

end of simulation

N ERO runs are
substituted by 1 run
on N processors
(calculation time
remains the same!)

Each processor gets
modified parameter
file, working directory,
generates all usual
ERO output files.

For automatization a
special “ starter”
program is developed

Data exchange
between processors
IS minimal — MPI
(message passing
interface) is optimal
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& Parallelization: shared memory #) J0LICH

FORSCHUNGSZENTRUM

Processors get portions

Speedup comparison (chunks”) of MC test

32 particles for calculation
m before optimization

o ideal speedup
m optimized load ba-

Particles are not fully

” lancing independent!
They change the volume
and surface meshes
/ (occupying most part of
16 memory used by ERO)

Speedup

Shared memory (OpenMP)
/\/ approach is optimal
8

Optimization:

* Minimization of serial part

0 ‘ ‘ ' ' * Processor load balancing
0 8 16 24 32

Threads « Cashe memory usage
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@ Automatic testing system for ERO #J JULICH
Testing Process _
o i N N
\compilation) preparatlon execution +{ analysis
\\_ ,/ K // \\"-__ _/
Ny —
.
JuBE
JUuBE
(ERO-configured)
Report
5 5 » Szenario Test
JuBE — Juelich Benchmark FECES'TE_: z:
Environment -
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Visualization: MERO

#) JOLICH

FORSCHUNGSZENTRUM

(Matlab visulalization GUI for ERO)

) MERO 1.0 -10] x|
Surface Opbions  Yaolume Cpkions ™
MERO {(Matlab visualisation for ERQO) About MERO | Ext MERO
{* Taszk Mare: Crid2hs — Load surface data
1 -| Filer  [“ERC_RUMPSCOSGuadretChd?_ MS11Cnd2MS1 Emission_frl_stepO.m (" Surface analysis [ TRIM data
" Taskz  Mame Ermpty — Load volume data
File: Etmpaty ¢ Yaolume analysis [¥ Spectrozcopy
" Taskd  hlame: Etmipty
File: . ™ Time evalution ™ Plot List ™ Profile
tnpty [~ Movie [T Pendegt..
Loadtask . . . | Relozd :
add plasma parameter | Get profile Operations. . .
PLOT il Penetration depth % /
Diray limiter | : + =
Ecit file | savepicture ... | Addtoplctlist |
Yalue 1
Eletrert Integration plane Steps Ciptions
Xy = Ihsert . .. m Look for . .. | [ Start new figure
W Delete [ Scale the marker size
a0 Clear e
Bl 3370 Dt Ll | [+ Drawe liniter cortaur
=um &l | [T Compare on one figure
Load [~ Average [T Logarithmic scale
Save [ Mormalize ta 1
- =1 2B I [T Find azsymptotics
1] | [» hd| | IEN j [ Enable sound
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FORSCHUNGSZENTRUM

@ Visualization: MERO #) 0LICH

=} MERO 1.0 <) Figure 1 I [=]

File Edit Wiew Insert Tools Desktop ‘Window Help

Surface Optons  Yalurme Options

Neds heaame | L0E eO

MERO {(Matlab visualisation for ERQO)

Emiss. int. [th'(sr*s*cmz)] of Bel

% Task Plame: Cric 2= Loae 200
|1 vi File:  |ERO._RUMPSCOTWGEUadratCnd2_MS11Cnd2S1 Emission_fm1_stepO.m ’1' = 180
~ Tozla  Mame: Frribits i
-} Extract a profile...
Name | MWyProfile Label | Cnd2MS1 ¥z
Statting ot |
._200 Ko a0 ¥o[ o 1
£
E Wifidlth | 10
o) Length 100
= 150 Angle 501
= M of points 60
8 14
© x 10
£ 27
» 100
i
o
©
£ 1t
E’ 50
o
(1] +
o — D .
N 0 50 10(
D - .
-60 Get it!
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@ In spite of asummary . .. #) JOLICH

FORSCHUNGSZENTRUM

How important is ADAS for ERO?

1) lonization/recombination processes directly influence the
particle transport in plasma.

2) For some species (e.g. H) opacity is not zero — radiation is
an energy transport channel.

3) Spectroscopy gives indispensable information for model
benchmarking (both gualitative and quantitative).
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#) JULICH

FORSCHUNGSZENTRUM

N
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