Source H du LINAC4 au CERN: om0 25 K
Modélisation plasma et extraction e

 Au CERN, le Linac4, un nouvel injecteur linéaire H de 160 MeV, est en cours
d’installation. Le Linac4 fait partie de 'amélioration du complexe d’accélérateurs
prévue pour augmenter la luminosité du grand collisionneur de hadrons (LHC); il L -'
remplace le Linac2 qui a produit durant quatre décennies des protons de 50 MeV.  2010: We must in Il
Le plasma d’hydrogene de la source H™ est généré dans une chambre en alumina > Measure & calibrate
par couplage inductif avec un solénoide alimenté par une radiofréquence de 2 > .
MHz. Les ion H- sont produits par dissociation d’une molécule excitee de Model & simulate
dihydrogene associée a un électron de basse eénergie ainsi que par échange de » Produce & test
charge et réémission d’'une surface de molybdene recouverte de césium et
soumise au flux des composants du plasma d’hydrogene.

* Les modélisations et calibrations entreprises pour décrire la formation de faisceau H" Volume prod.
H" sont en cours, elles pour finalité 'optimisation de I'injection du faisceau H- dans M. Bacal
'accelerateur quadripolaire a radiofréquence opéré a 352 MHz (RFQ). Les
calibrations, modeles et codes de simulations ainsi que les méthodes _ H- Cs-surface prod.
expérimentales de validation des modeles de simulation du couplage inductif Y Belchenko

(NINJA), de la formation (Keio-BFX et ONIX) et de l'optique de faisceau (IBSimu)
sont brievement décrites. Lamélioration de la résolution et des conditions aux _
limites devrait permettre, en couplant les résultats des simulations, d’obtenir une V. Dudnikov
description du faisceau pouvant étre directement comparée aux mesure de profil

et d’emittance.
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G. Dimov
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CERN’s Linac4

2020 Connection to PSB

2019 : 160 MeV Reliability run

'Einac4 160 MeV. H-

Upgrade of the LHC injector chain: L4
From: 50 MeV p Linac2

To: 160 MeV H- Linac4

2 electrons striping (H" = p) at injection Into

the PS-Booster

66 mrad chicane dipoles

380 380 380
316 316

=

waste beam

dump  main dipole

~main dipole

DTL

chopper line

LEBT

M. Vretenar et.al., Progress in the Construction of Linac4 at CERN,
LINAC12, Tel Aviv, LINAC14, Geneva
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v" 20 mA at the end of Linac4 to

H- source

produce all 2018 CERN p-beams
v 32 mA achieved after 3MeV RFQ
» 40 mA (LS3) needed to double
ISOLDE beam intensity

3



Layout of the Linac4 front end and LEBT
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1S02: too high filter field ~ Power Density on Titanium Puller-Dump v' IBSimu Ok for engineering

1) Cesiated surface production: I(H): 40-50 mA, e/H: 4, I(e): 200 mA I;_Da}:na;ge
(0 =0— x=0 mm, r=4mm): e

kV: -45 35 0 (ANSYS) IBSimu inputs to the extraction
optics design:
1) e-beam surf. power density
2) Secondary electron origin and
| yield
. 3) Residual gas ionization tracking

power denS|ty
[kW/mm?
! >

ISO2b operated in
H: 30 mA, volume mode with

e/H: 20, excess electron current
H 15 mA » W-puller dump instead
e/H: 40, of Ti
I(e): 600 mA

Ti Damage
> 500 mA

0
power density

[KW/mm?]

Operatlon of the Puller-dump:
» Withstands power density in Cs-surface nominal operation.
» Limited to a 500 mA electron current Courtesy of D. Fink
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ISO3 IBSimu H beam and electron-dump Simulation

-
E

a8)

Settings:

40 mAH e/H=3

U (Source, puller, Einzel)
=-45, -35.5, 35 kV

Sol_1,2=97,100 A

LEBT SCC 4E-6 mbar

02/10/2019

Filter

40 Shield
| Dump

20 B

1l

200 2040

Erorm, s = 0.34 m-mm-mrad
At RFQ entrance (2.23 m)

Stages:

1) Extraction and e-dump
2) Einzel lens

3) LEBT (not shown)




L4-1SO3 RF-ICP driven H source 1SO3 Offset Halbach 8-pole cusp field

Perm. Magnets

Octupole
Optical emission
Spectroscopy & =

photometry View 77

ports N ==
T-Controlled G Plasma

Cs-transfert line g
Generator

PULLER DUMP ENZEL LENS

—_ ‘ Design Compromise:
Vol. mode: 30 mA e/H =20
5 Cs-surface: 50 mA e/H < 8
02/10/2019
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H-ions Beam formation: Next step

RF-Studio
B-OPERA

Linac4 Plasma heating

Beam transport

Back tracking

TRAVEL Spectroscopy
Photometry
Emittance &
beam shape
LEBT measurement.
Space charge ﬁ formation
compensation
IBSimu

/ KEIO-BFX
H- source

Beam Optics, m
emittance

02/10/2019

Beam formation questions:

1) Shape of Plasma Meniscus ?

2) Impact of Cs-surface geometry and H- Surface
production on beam emittance / halo ?

» Design/test of a low e/H extraction (not
compatible to vol. operation)

» NINJA > ONIX / BFX <> IBSimu

~. ?

H,-Cs-plasma

Collaborations:
Mo-Cs surface ) )
physics NINJA & BFX: KEIO-university

ONIX: LPGP Orasy, IPP-Garching



NINJA : Plasma Heating simulation :E/H transition

n, (M=)

E 24 24
16
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E 1: 16
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- 24 ine -
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Simulation of Plasma density and electron-energy:
1 RF-cycle average: KEIO RF-code simulation — NINJA

[eV]

SN A

Brazed sapphire +
Quartz lens

Optical view ports:
on-axis, 19° & 26°;

view angle: 3 deg.

Courtesy S. Mattei
02/10/2019

—= N W = 3 ~ 00 WO

Determination of
discharge parameters via
OES at the Linac4 H™ ion

source
S. Briefi, D. Fink, S. Mattei, J.
Lettry, and U. Fantz

Atomic: Balmer Photometry
(Plasma ignition) & Spectro.
Molecular: Fulcher band
Spectroscopy

1SO02-cusp free 20/4/2015



r{mm) r{mm)

r(mm)

ISO3 Filter f eld Simulation results, by inserting a dipole filter field:

24
16

24

by NINJA 1) Reduced electron density n,
2) Reduced electron energy E,

3) Enhanced H density in the beam formation region n, -

Filter-field

RF coil —> [

n, (m~)

] ] | = ] "”'H!'IIII'
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20 40 60 80 100 120 138 0 20 40 60 80 100 120 138
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No filter field With filter field
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NINJA (L41S) vs. Laugmuir gauge meas.

(SPL Plasma generator)

n, {m'3}
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— strong Filter
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NINJA Filter field and H2 pressure: Beam formation region (z > 118 mm).

Filter field (mT)

x10%? x10%’
2.0 | : . 4 250

oo n,

e n,

200

50

B (mT)
Electron density ne Electron to H- density ratio
H-density nH° (ne/nH") # e/H.

To make it clear: we measure 6/ H the ratio of

extracted electron to H beam currents (not densities)
In vol. mode e/H = ~10-30

Hydrogen pressure pH2

18 17
55 x10 | I><1{Zl 25

0.5 L ' . 0.5
PH, (Pa)

Electron density ne and
volume produced H-
density nH-.

18 1.6

16

14

12

10

|&-® n_/n.-
@ E,

PH, (Pa)

Electron to H° density
ratio ne/nH- and
electron energy Ee
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Beam formation region :
Effect of the ICP coil current I,- and cusp field

4.0

3.5

3.0

2,5

e 2.0

1.5

1.0

0.5

0.0

volume produced H density n.-
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x10'® x10%’
| | ]
9o n_
B @ n,
| With cusp

Il = 200 A

80
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0.5
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Electron density n.
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o® n_/n,
20H@®@® E,

18 | With cusp
leg = 200 A
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We observe a cusp induced
reduction of the plasma
heating efficiency but also of
the expected electron and H-
ion density

Electron to H density ratio n./n.

and electron energy E.
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NINJA vs. OES:

Distribution of excited molecular states

Ave. density (m?)

1018

Simulated molecular excited states and Optical emission
spectroscopy of the Fulcher Band
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H, flux simulation:
Energy distribution of the H. flux impinging onto the plasma electrode

No cusp, coil current == 100 A With cusp, Ir== 200 A.

— T=4.0eV|]
B With cusp |3

p= 3 Pa

H® flux (m?s™)
H® flux (m?s™)

0 5 10 15 20 25

0 5 10 15 20 25 0 5 10 15 20 25

HO energy (eV) HO energy (eV) HO energy (eV) H energy (eV)

The energy distributions are characterized by a low-energy (< 5 eV) non-thermal component
and a high-energy thermal component corresponding to the temperature of the positive ions

02/10/2019 17



Plasma electrode H emission rate (work function, EEDF)

100 . . . '
—_— =158V =9 90 A

10000 E=E 100 A H

80 V=¥ 110 A ]

A=A 200 A with cusp !

(=)]
o

1000}

~
o

H emission rate {;&,ﬂ’m2 )

H emission rate percentage
MJ
o

0 100 ' | | |
0 5 10 15 20 25 1.5 1.8 2.1 2.4 2.7 3.0
HO energy (eV) Work function (eV)
H- emission rate as a function of H-emission rate from the plasma electrode due to backscattering
the impinging Hoenergy of impinging He.

Work function: 1.5-1.6 eV partially coated cesiated molybdenum,

2.1 eV bulk caesium and 4.3-4.9 eV uncoated molybdenum
02/10/2019 18



Beam formation region: PIC Initial and Boundary conditions

NINJA & IBSimu - BFX/ONIX = IBSimu & Path

Pullerr

Mag. Filter B  e-dump U

U 1) Plasma NINJA :
XYz, Vyy,» W
e, HOM-, H,0/+ \

2) Plasma Electrode PE
Mo-Cs-surface :
eff. Wor:k function

= ———

02/10/2019

Initial conditions:
Upstream form Meniscus
B, » Derived from Smoothed NINJA plasma
populations
Down stream form Meniscus
» Derived from Smoothed e & H- IBSimu beams

3) Puller E-field from

IBSimu iterations if needed:

l, (e), 1, (H), Output of 1S03 BFX/ONIX
I(t,e), | (t,H), XY,z, V., W (e, H) (p, Hy")
U (PE, Puller) |:| X.,Yo,Z, (VOl, PE-surf, initial)

Equilibrium is driven by the properties of the Boundaries :
Tracking convergence via of av. populations / tot. energy

- Particle source (plasma and Plasma Electrode)

- Particle sink (all boundaries)

- Plasma sheath, plasma potential

- Most initial particle lost
19



ONIX simulation

plasma-beam formation:

IS01 & 1S02 steady state H* density

2.5e+1

2e+17
1.5e+1
1e+17
5e+16

8 dmywmw -3)

6

Ab

16 17 18 19 20 21 22 23 24 254
X (mm)

2.5e+1
2e+17

1.5e+1
1e+17
5e+16

0
density(m~-3)

16 17 18 19 20 21 22 23 24 250
X (mm)

Collaboration with

LPGP Orsay France
02/10/2019

current (mA)

160

électron éurrent :
‘ NI current volume
140 + ﬂ Cs NI current

|
T W “ |

120

A _

100

I*

80 h

60

40

20

13 runs @ 2weeks & 20 cpus:
IS-01, (volume production)
IS-02, Vol. & Surface H
Surf. prod. Rate (1-7 kA/m?)
filter field strength
positive and negative ion extraction
Super particles density
plasma density (5x10*7-2x10* m3)
electron to ion ratio (5:5-1:10)

1 16
1 14
1 12
4 10

y [mm]

1 16
1 14
1 12
1 10

16 18 20 22 24 26 28 30 32

X [mm]

Serhiy Mochalskyy 2012
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Beam formation simulation - a short summary

* Specialists
e Serhiy Mochalskyy LPGP, CERN

* Author of first version single hole periodic boundary conditions ONIX_VO_p, Thesis

* Simulation of CERN’s ISO1 and 1S02 sources PE ¢ 6.5 mm, with non-periodic boundary conditions
ONIX_V1 np_64 (64 neighbouring points), (4 month) parameter sensitivity study.

Adrien Revel LPGP, IPP
e Simulation of one aperture BATMAN and ELISE at IPP, ONIX_V2_p 64 (8 month) parametric geometry.
Mauricio Montellano IPP :

 Detail simulation of ITER NBI relevant source 30’000 cpu days/ 2.5 us real time
* H induced potential well (1.4 eV, 0.2 mm)

Niek den Harder : coupling ONIX to IBSimu achieved

Max Lindgvist KEIO University
* CERN ISO3 beam formation, KEIO-BFX : 3D PIC with scaling (3.5x102)

e Outlook
* Thesis at IPP (tbc.)

* Fellowship at CERN (1/10/2019) in collaboration with IPP and LPGP
* Goal developing ONIX_V2 np_ 64, improve boundary conditions (no scaling low plasma density)
* Pushing experimental setup on Cs-layer, emittance, profile and angular distributions (scan plasma density)
e Compare ONIX, BFX & measurements (using IBSimu or ONAX)



mm Simulation Domain

Effects of the g
extraction voltage on TB
the beam divergence

fora H™ ion source 01
Initial

Plasma

Keio-BFX “observables”

Meniscus

Z
m
556;

[

Beam Core

24 }
2875 2375

e density 108 m—3
e temperature 3.6eV
H and H' temperature 1.6eV
~:H":H, :Hy 60:45:4.5:10.5

e~ Debye length (Ap,) 1.41 x10° m

e~ thermal velocity 7.96 x 10° m/s

e~ plasma frequency (@,) 5.64 x 10" rad/s

Extraction voltage 7 — 14 kV
Real size 1.75 x 48 x 48 mm

Scaling factor Q 51072 D

Number of superparticles 2,500,000

Mesh 128 x 193 x 193
Mesh size 0.625 Ap,
Time step 0.4/, =7.09x10 "%

Simulation time 50,000 time steps = 0.35 us

Magnetic figld strength 10— 18 mT

J, (mA/mm?)

.

Perveance (mA / kV*?/ mm?)

0 3 (mm)

=

—_—
S
n

0.7

0.35

Divergence

&
=
7

0 I
y (mm)

M. Lindqvist, S. Nishioka, K. Miyamoto, K. Hoshino, J. Lettry, and

(3]

Perveance

10 11
Voltage (kV)

Meniscus

12 13

X (mm)

A. Hatayama, Journal of Applied Physics 126, 123303 (2019)
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o w = W
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_ / e C.D.Child, Discharge from hot CaO, Phys. Rev. 32, 492-511, 1911.
H sources ’Dervean ce * |. Langmuir, The effect of space charge and residual gases on

thermionic currents in high vacuum, Phys. Rev. 2, 450-486, 1913.

Comparing H-/D- sources types combined
beam of electrons and H (D) ions:

Setup Exp. data two beams
uds I,,eH > | I, +11,
Perveance: [/ = jeX/UeXB’/

At saturation: I1 ., (m, d) =J,/V 37
Norm Prev. ]Yn =[1/11 -

* R.Uhlemann and G. Wang, Modified perveance law for
neutral-beam ion sources, 2879 Rev. Sci. instrum, 60, 1989.

]Yopt = 0.6 IYCL

02/10/2019

Richardson

j‘ederica.bonomo@i AP,

J = AcT?e7m 11

At saturation: J
Child and Langmuir’s law:

per S5g.Cm

4eq V32
= \/2e/m, =

g9
-
1)
|

002

Thermionic Current A

b

1 A
-
0 T

A

800 1800

2600°K

Thermionic electron current density form a hot cathode



Comparing H sources via Normalized Perveance

I1SO3 Cusp free

——14-1_max
30 —e— [PP-| -
--8--14-Perv (I_max)
-o-14-P50 mA
. 60 -
El - ® - |PP-Perv
E @
5 |
@ 40 T
T "
0 \\\ /
el
>0 | 1503 Vol N ELDE |
e e-emmmTTT BatU
Batman
0
5 A 11 13 15
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PE-bore diam. [mm]

0.8

o
o

o
s

o
N

0.0

Preveance norm.

PE_ diam N _Perv |N_Perv
- e/H | |_exp
[mm] (I_exp) | (50mA)
Vol. 6.5 20 30 0.46 0.77
Cusp OH 5.5 4 36 0.58 0.80
T | 8-pole 6.5 3 60 | 067 | 056
: P
S 7 1 67 0.37 0.27
Cusp
8 1 75 0.26 0.17
Free
9 1 85 0.23 0.14
& Batman 8 1 20 0.11
E BatU 14 1 40 0.18
2 Elise 14 1 46 0.20

Goal : Operation of the L4 single hole H-

source at perveances corresponding to

nominal current of IPP test sources
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Cs-mass flow control Measurement Options:

& measurements 1) Hydrogen and Deuterium
2) Protons + H?* + H3*,electrons, D-and H-

3) Volume mode and Cs-surface mode:

1.0E+2 1E+02
11—

—P (s [Pa]

Cs-flow [mg/hour]

1E+01

10E+1 7/ ) PE-geometries and Puller fields
// 5) Spectroscopy
|74 )

7 Cs-thickness on PE
%
Y

f, 1E-01

(0))

1.0E+0 1E+00

1.0E-1

» Beam Emittance

Mass flow [mg/h]

> Beam Profile

Cs-lig. Vapour Pressure [Pa]

1E-02

L0E-2 /y » Beam divergence BES

1.0E-3 - 1E-03

/ * Tune op. parameter to chosen Perveance

1 0E-4 1£.04  Cs-flow control allows keeping e/H < 1

20 40 60 80 100 120 140 160 180 200

T_Cs [deg.C] * Beam intensity set via autopilot
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1) ISTS : 2 sol. with E-meter and RFQ box or SEM grid

&b Cross equipped with SEM

= | grids and BES telescope
or Faraday cup

2 . i

% ..

i'/m”"'”iﬁ?”
|
|

Z
4

N
N\
N

22z

2z
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Emittance & Back Tracking Back Tracking:

v' Sampling from &meas. distributions.
ISOZb emittance meas.: v" Back tracking to an arbitrary beam origin.

v H intensity [0-380 ]JS] 45 mA ;/2:[?:; back tracking stability vs. optics

v’ Electron to ion ratio: 1.3 > Transport from this origin through the Linac4
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Beam profile: To improve particle extraction form emittance

H beam 42 mA

H/V:1.65-2.2 A
vof JCSEARGEE S 1 AR B -
| Image - Apr 12, 2019 41614 PM (4811 ©

Slit position: [mm]

Wire Nr. (dist. between wires 0.75 mm)

12,24/04/2019
02/10/2019
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Stefan & Andrew, 2019/07/02-04
first BES @ CERN’s ISO3

Ho Doppler shifted &
divergence broadened Ho

Courtesy IPP:
A. Hurlbatt & S. Briefi




2) E-meter + x-y beam profile (2D) and BES

S80

A R 8

1

I

O
-
=== T - N L
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o
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L |
3 \ f 3
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~ 4 = 7
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c a3 #
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|

SEM Grid
SEM Grid + FC

BRIDE ZERD DN1ED/DN1O0
SJONCTION DNAGOD/DN1O

» Beam Profile H & V
» Beam centring and alignment.
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1) BES detection and SEM grids + BCT

400 mm from the source is the limit for BES meas. without
Solenoid, further downstream, a large fraction of the beam
will be intercepted by the pipe.

679
Py 464
24 x rms vs distance from source extraction
N 7.0E-02 HV: 45 kV, puller 10 kV, einzel 30 kV
: —50mA
& 6.0E-02 — 20 mA
S —20mA
) P-'\I‘ 5.0E-02 aperture
]l
» 4.0E-02
(]
i n | S| Y[k (] 9]
; 2 b ] o U 1| [ N £
- y 3 N " H : | | 3.0E-02
> i1 | i 2.0E-02 . Z=0 begin extraction
- (AP % \\\ﬂ | O | 7=0.198 begin lebt
A ] 1.0E-02 I Z= 0.412 is the mech centre of
/ - the presently installed solenoid
77 1| N
‘ Ll T 0.0E+00 !
0.0 0.2 0.4 0.6 0.8 1.0

distance from source extraction (meters.

Courtesy: A. Lombardi
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Cs-loss compensation tests may-June 2019 .. b:7.5mm

Cs-loss compensation tests e/H <1
Suspicion of pollution (initial e/H ~150)
82.64 mono-layer of Cs

» T [deg.C] « BCT_H-
Vol. Mode + Trans. outgass
e/H Int. Cs mass 1.40 Slow cesiation 50-77 deg.C
80 g: P ; = 16.0 Oven Reduced at 60 deg.C
:—.° ’ 15_'_. °. Oven Back to 70 deg.
¢ - $ _. g— — 120
o o=t S :
¥ o v =
S - l i hEJD i“
5 IR " = £ 0.80
E ’ fio ° s .E -
Qa0 | I TET G 808 5
) - ; ce® o ° - .g 0.60
%‘ ° ‘; E ld.ul:"
£ . L . 3 = 0.40
T 20 4.0
-
t"‘ 0.20
1/5 8/5 15/5 22/5 29/5 5/6 12/6 19/6 0.1 1.0 10.0 100.0
date e/H
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BES tests June-July 2019

100

()] 0]
o o

NN
o

Oven temperature
RF-plasma [kW], H-beam [mA]

20

02/10/2019

« RF_plasma [kW]

+ H-beam [mA]

01/07

08/07
time

—T [deg.C]

—1Int. Cs mass

15/07

22/07

w -

Cs-mass [mg]

N

Clean PE-¢: 9 mm

Run test du 18.06.-22.07.19
0.87 mono-layer of Cs

15

0.5

0.1 1 10
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PE-Puller-dump electrodes geometry options
We can produce a PE

a) 1S03, b) tilted ISO3 f PE-aperture 8mm f) Variation of chamfer and inner angle of PE with chosen plasma
\ boundary condition (i.e.

all metal)

o)

g) Beam formation region: plasma
studies configuration (no beam
extracted)

645.5560

Mirror Light fiber collector

%/ {

;

Y/

238
|

945.5 56

V)

Black eloxed absorbers
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Resumé et perspectives

* High resolution ONIX work on Linac4 H- source is just starting

* |In collaboration with IPP and LPGP:

* Improvement of ONIX non-periodic conditions

* Implement flux on Cs-surface, validate down stream boundary condition (effect of beam space
charge)

* Gain knowledge on Cs-surface pot. well and plasma potential

* Experimental validation goals:
 Validation of Emittance and profile measurement
e Analysis of BES data closest to ion source
Variation of experimental setup and parameters to cover MINJA BFX and ONIX domains
Variation of PE and puller Geometry to minimize emittance and halo
Challenging OES meas. of plasma parameters in the beam formation region
Cs-flux requirement for Hydrogen and Deuterium

* Results expected in ... 1-2 years



ONIX simulation of Fusion’s tokamak Neutral Beam Injector

Test bench BATMAN IPP Garching

14
19 density (m)
3.5e+17
1e12m-3 10 3e+16
8 2.5e+16
meniscus E 2e+16
6 & 1.5e+16
>
4 1e+16
5e+15
2
PG
0
15 16 17 18 19 20 21 22 23

X (mm)

H* density distribution close to the PG
ONIX simulation of BATMAN IPP Garching

3.0

(mm)
ng N
o (&)
[ U

y horizontal direction

0.0 -Je——

too deep

Virtual cathode

PG

Direct
extraction
region

18.5

19.0 195 200 205 21.0

x axial direction (mm)

Potential distribution close to the PG

On the meniscus formation and the negative hydrogen ion

extraction from ITER NBI relevant ion source
S. Mochalskyy, D. Winderlich, B. Ruf, U. Fantz, P. Franzen and T. Minea
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Potential (V)

Tentative ongoing to add Cs, Cs* in the plasma
» Challenging time scale x 11.5 (133%)
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