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ITER - International Thermonuclear Experimental Reactor

* ITER: Joint international project
(China, UE, India, Japan, Korea,
Russia, USA)

* 180 hectares
e Place: Saint-Paul-lez-Durance, France

e + 10 million items manufactured in
the countries which are ITER
members

* ITER in figures:
v Vacuum chamber 1330 m3 3 10 Pa ;
v/ 8500 m3 cryostat @ 10 Pa ;
v + 200 pumps

How can plasma be heated?
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ITER Heating

* Microwave ECR © . kamkj
* But... LH does not work for ions R
®

ome Y
e -y~
= J

* lons are heated by Energetic
Heavy particles

* ITER also needs a Current Drive
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NBI - Neutral Beam Injector

| MV bushing LSl * NBI pPara meters:
Absolute, all \ : > 32 MW
metal, valve J > 1 MeV

Fast shutter

Bellows

» 40A / 1280 apertures

* NBl components:
» Plasma source
» Accelerator
» Neutralizer

o=y

Py

Calorimeter : : \ .
Residual ion o \ > RID (Residual lon Dump)
dump Neutraliser EYOPUMP  1on source and
accelerator
15 m

How to Neutralize Energetic lons?
H+ or H- 7?7
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Neutralisation efficiency

Neutralizer @ 1 MeV

based on positiveions neaative i
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Negative lon based Neutral Injector

Driver Expansion chamber Extraction

S Plasma Parameters:
4?.%)‘1. Bl ?:atlfir _ 5 ' - B np|=2*1 017m-3

1 n,=90-50%; ny,=10-50%,
n,,=40%, n,,,=40%, n,,,=20%

T.=1, T,,=0.8 eV
T,.=0.8, T,,,=0.1, T,,,=0.1

jN|,PG=3OO'6OONm2
n,=1*10""m-3, T,=0.8eV
n,,=4*10"°, T,,,=0.1eV
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Mechanisms for Negative lon Production

*VVolume NI production

requires highly excited molecules

slow

Hyv>15)+ey,, >H +H
*Surface NI production
_ d’_'fq ‘[t‘[_-~__e;'_wr*fc:u:w?__> H
or WH™, H) = exp(“5—) sur face
“Surface lonization™ |
It works better with Cs! HT +eC — H+ e — H™

¢ = Work Function
A = Electron Affinity

sur face sur face
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Negative lon Beam for LINAC 4 @ CERN

i QW

Interest Region -
Beam Formation

.......

Ps BOOSte ' N Perm. Magnets

Optical emission
Spectroscopy &

photometry View

NI Beam Parameters: e i GP | d 6
> 20 mA at the end of Linac4 to * /%#A‘ﬁ
produce all 2018 CERN p-beams =il
> 32 mA achieved after 3MeV RFQ
» 40 mA (LS3) needed to double
ISOLDE beam intensity

!

|ENZEL LENS |

PULLER DUMP /

Design Compromise:
Vol. mode: 30 mAe/H =20
Cs-surface: 50 mAe/H< 8

02/10/2019
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Simulation volume

*% ITER size Plasma Grid (PG) *Simulation Volume

4 x 2 segments : .
PG EG (Extraction Grid)
5 x 16 apertures / segment Simlation
domain
t & J ,0,0,0.0, Def'le"ction
C ) ) magnet
o, ) {
Lol o0 000
FEEER ﬁhﬁhﬁ aaaae
o i )
esese Neeese
il
CEEEE EEEEE
£
o A esees { ( {
Tl HHE B R B
S
£ 1 b
™ ! f
o : : : o
b — } g | Vert. pos.
v R | | - e | = [0S
v Hor. pos. Axial pos. 10 kV

0.1m

A double orthogonal Magnetic field! 3D ONLY
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ONIX
Orsay Negative lon eXtraction

* Particle-in-Cell Monte Carlo Collisions (PIC-MCC) |

+ Poisson solver: Preconditioned Conjugate Gradient method

—
-

- Equations of motion: Boris method ’g‘ i Periodic
« Charge and field projection: Linear 64 point interpolation é I PLASMA I Bou nda ry
- Neutral background: Monte Carlo Collisions E_; Conditions
5 | (Up/Down &
T - g Left/Right)
Vi = —pleg | | EF (Extraction Grid)

E=-V¢

& 4 yxB+E)
m
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ONIX details

* Particle-in-Cell stability criteria
» Plasma criteria  )\p, < L

Periodic BC ]
Np>1 |
WpeT > 1 % :
» CFL (Courant-Friedrich-Lewy) % ©-
UVpmax dt < dx =
>CyC|Otr0n QB dt <<1 EEEEEEEEEEEEEER -'l:lli'lllllll‘ '

dx =dy=dz
« dt=5x1012s,dx =3.5x 105 m (Ape)
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ONIX Particle Injection

Pair injection

Pair injection oc '  "c B ")
« Initial distribution of ions are injected ® NI
+ Upon impact with a boundary ® p|

- Electrons are deleted
* Nls are re-injected
* Pls are re-injected with an electron

- Electrons are thermalized in the injection zone

Flux injection Flux injection

[',(7)
I'na(®)
['pi(2)

Electrons, NlIs, and Pls are injected from upstream boundary
[p(®) = D@ + L0

['pi(t) =P-e(t)+1- J e()dt+ D - ie(zf)
0 dz

e(t) = nPI(t) - nPI,steady—state

universite

PARIS-SACLAY

LABORATOIRE DE PHYSIQUE DES GAZ ET DES PLASMAS



ONIX efficiency

* Parallel
» MPI — Message Passing Interface
» Multi-domains

» Flexible boundary domains
(edges, round objects)

e Computational cost

» N° macroparticles ~10°
» Mesh nodes
» 3 days / us on 4096 CPUs

#Lpgp
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100

Relative increase of calculation speed

3D domain with extraction, A criterium fulfilled

1024 tasks
_a

10 | _an16 -3 _ - -
C plasma_ 107" m O~ ]

L - “512 tasks [actor ]

- P s ~10 -

i ’ = _1017 m—3 7]

L e 256 tasks plasma ]

”
- ,l/ /|:| -
.~ 128 tasks v _ 7~ 4096 tasks
” 7 s d

1} @ M —
: 64 tasks 2048 taSkS :

[ [ [ [ ] [ ] I [ [ [ ] [ [ [ ] [ [ ] I [ [ ] [ [ [ ] [ [ [ ] ]

100 1000

Number of MPI tasks
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NI beam formation

Pair injection =
» Meniscus penetration depends on the " B ,
extraction field and plasma screening £ :
> Flat meniscus = well focused - | L2
» Curved meniscus = over focused E“ i e
> NI are guided by the meniscus g | &
l 1 0.6
, o _Injection zone ¥ “Injection “...":
: . 1 Zone 0.5 )
Flux injection £
:}"“1.5 g ' 10 1 =
- ) _ 0.4 5
:; 1.0 | Flux PG ;"f I""., g 0.3
g e N g0
A 0.5 e Pair \l : / e 0.2
\ / \ % -5
; > 0.1
0.0 S : m— il >
-30 -25 —-20 -15 —10 -5 0 —10

-30 -2 -20 -15 -10 =5 0

Axial position (mm) Axial position (mm)
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Pl in the extraction region

1.0

Pair injection

» Plasma density in front of the meniscus 1 0o
is very sensitive to the injection scheme £ |
» Pl behave different following the ~’ At .
injection scheme 3 07
20 Ir:mjection zo:ne N . E - "?E
; ; H* ~ Injection S
: . zone 05 =
15 F i Flux | Flux injection £
55 : 1 0.4 E
=10 F ! PG F
; y z
Q05 _§ 0.2
/ | i o1
0.0 — . : : — : : - . L=l
-30 -2 =20 -5 =10 =9 0 30 -25 -2 -15 -10 -5 0
Axial position (mm) Axial position (mm)
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Electron co-extraction

Deflection field |

» Electrons intercept the injection region

| 1> 1 . Pair injection =

in the pair-injection scheme o ' i

> Electrons follow the magnetic field £ .y

lines in the extraction region Z o -

E ) 0.7

) o Injection Zone g ol 106
e~ Injection

Zone

=
on

Flux injection

Density (10""m™3)

B N . :
f ' , 1 0.4
© : . =
g | T~Flux '
5 : : g o0
Q05 F ¢ . - . 0.2

e 7 ' '?:s'

7 Pair - S 5

! , 3 S, 0.1

e — — l b - = _ B
—30 —25 —20 —15 —10 —9 0 ~30 -25 -20 -15 -10 -5 0
Axial position (mm) Axial position (mm)
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Sheath Formation and Virtual Cathode

> Close to the PG surface a sheath is 10
formed

cn

» Electrons are repelled inside the plasma

Vertical position (mm)
Potential (V)

0 F |
> NI can hardly reach the plasma due to -
. . -5 B "
the Virtual Cathode formation
~10 '
10.0 — 30 -25 — ~15  —10 (
-5 | — @Ppg = -9V Axial position (mm)
2 - 10
5.0
= PG = 6|
= 2.0 B 5 -
£ 00 s 'l E
S 25 | ISV . [° ¢
~5.0 | g oft
‘—T.,_] .-' " M M b _IU . -5
—30 0 —QJU —20.0 —150 —10.0 -15 _14 _1'3 - 12 ~11 _10 -0 -8

Axial position (mm) Axial position (mm)
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Plasma Grid Bias Effect

* How to reduce the electron extraction?

- Periodic
i I Boundary
@R ; d Conditions
g -5 | (Up/Down &
- Left/Right)

E’G (Extraction Grid)

Biasing the PG electrons can reach it.
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Bias effect on Plasma Electrons

10
» The Virtual Cathode is always present, =
but the sheath is hardly affected = 3 S
2 —
» Electrons are collected by the PG Z oFf £
. 5
g =
2
= - 0 -2 -20 -1 10 -
- _ & B _o5 15 — 5
7.5 [ ng - ; X Axial position (mm)
[E— g =
~ 90 — ¢pa=-1V 150 | -
< — fpo=+1V He =
~ 25| PG E 125
g <t ...(‘.‘U-t‘.‘{l]':!('ll'f.l electrons -
E 0.0 S EIOU 3 |
& a . u
—25 F I5V < P : .
~5.0 0
O 95 ¢ ol t n P( -
~7.5 l - - —
—30.0 —25.0 —20.0 —156.0 —10.0 0 .
Axial position (mm) = =0 _ =4 +1
PG bias (V)
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ONIX - IBSimu / ONAC coupling

| | | ONIX IBSimu
* ONIX simulates the extraction region PG EG Al

in @ plasma source close to PG

e Several models simulate beam
propagation: IBSimu, SIMION, ...

Condition: Potential Continuity

* ONAC : Orsay Negative lon

: Iteration 1 Iteration 2
ACceleration was developed for 1000 )
7.5 = 7.5 S
» Solves Poisson Equation 50 E _ so 5
E S = _ ©
> Includes particle interaction with the | £ > T T 2 ol v :
residual gas (MCC) £ -23 250 3§ -25| | 7
_ , Z =50 500 £ 7 -50 -108
» Parallelized using MPI . 0 B 75l
» Fully compatible with ONIX _miggﬂfsﬁpﬂ%pfa 091500 _mi@g«\ﬁﬁpﬂfagp 29691909

Horizontal (mm) Horizontal (mm)

%0
. o &
*:@
2e
0
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Meniscus Effect on the Beam

* Flat meniscus =% Good beam Slancaions 51N smiation.

10.0
transmission, even if a halo exists _
2 50t
* Plasma-generated meniscus ]
leads to a central beam with a E W
(much) larger halo = ol
-10.0 - —
-30.0 —=10.0 10.0 30.0
* Axial position (mm)
g, (170) ONIX + IBSimu simulation
10.0 . ..

Ll

4.0 x 10

1 3.0 x 10'°

Vertical position (ghm)

1 2.0 x 10'°

1.0 x 106

10.0
Axial position (mm)

=10.0

*e
. 0%

-
...'.....:o
o ®
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1 10%

Shape

1017

1“I[i

(m™?)

H“

10M

1014

1017

-I”Ifi

10%9

3
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1011
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Beam Spread Related to Particle Origin

« Volume originating NI

0.6
10.0 = [BSimu x  IBSimu
E 0 5 | fcorc =577T%
g gcorc = %é-g ﬁ‘jﬁ X ONIX-IBSimu Hgp
halo = . d
5.0 o %“ 04 | Ostar. = 62.8 mrad ;6;(
% E ONIX-IBSimu Hypp X %
S zoaffpcpn Sl F
. 2 core = 23.2 mra X y
— 0.0 £8 g fhalo = 70.7 mrad xm
= — = | | Ograr. = 42.1 mra ¥ \
= = = 0.2 | (farse = 42,1 mrad % Q;s
= = B B0
S B P ZoLf %
e ;
.E 00 22008 22 s I i e I R R oy
i —150.0 —100.0 —50.0 0.0 50.0 100.0  150.0
S‘ -10.0 Vertical angle (mrad)
— 10.0 0.10
- = —— ONIX-IBSimu Hgp
= = 0.08 —— ONIX-ONAC Hg
XN 5.0 — ey o SP
= o < = A posteriori Hgp
= ©  E 06|
>
0.0 -
: £ 004t
A E
‘5.0 m :; 0.02 F
0.00 H :
-10.0 —150.0 —100.0 —50.0 0.0 50.0 100.0  150.0

2300 -20.0 -10.0 0.0 10.0 20.0 30.0 40.0 Vertical angle (mrad)
Axial position (mm)

e Surface originating NI

®
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PG Geometry Effect

e Three Grid Chamfrain Geometries -

] (mm) (mm) IPP PG Long IPP PG anp (m )

——— T 1711 — 1 1 1 Long IPP PG c | grox10”

-' E .E E 1 20 E GD X lﬂth

2 L = 5.0 x 1016

__________ SH S | e PR ‘g 4 l[) X l[)]li

(a) IPP PG (b) NIFS PG (c) Oct. PG ; | 30 10°¢

s 2.0 x 101°

* Extracted current E —
 |Indirect |JHg | Je

L% [Am] Am NIFS PG Octagon PG gy (@)
IPPPG KL |

108 0 i
Long IPP PG ka 81 102 R g
NIFSPG [ 26 118 { 50 10"
64 17 125 20 j 4010
Octagon PG = 4 205 10
e Similar co-extracted e-current S -5 2.0 x 1016
1 . . T 1.0 x 10'®
* Plasma-facing angle limits surface -

-30 =25 =20 =15 =10 -9 0-30 -2 -20 -15 -10 -9 0
Axial position (mm) Axial position (mm)

extracted NI

0
R

-
...'-..-..:.

.. ..
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Conclusions & Perspectives

v ONIX is a powerful model to simulate the self-consistent meniscus
formation for a given plasma facing the Plasma Grid and a given
extraction electric fielc

v’ Kinetic of species in the gas phase is included

v’ External bias of the PG (or another wall) can be simulated

v ONIX can give valuable hints for the grid design

v ONIX can be coupled with ONAC or any other accelerator simulator

TODO

v’ Transport of NI from the surface to the plasma volume must be improved
v’ Deuterium plasma and isotopic effect to be developed
v’ Explore the role of Cs* ions
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