Primarprozesse im
Wasserstoffplasma
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Sekundarprozesse im
Wasserstoffplasma

Salundarstol Reaktion [=V] Referanz
sl H -H—H-H <02 [Tiw. Sal
2 2+H: —H:=H == [Chan 2]
3 H:=H—H <100 [Nak]
54 H+H:2H=+.. <10 [Nak]
g5 H-H —H - <300 [Nak]
56 2=H—H =2 136 | [Kie, Ch Taw2 Chan]
57 g=~H) = H =H=a <1 [Step. Chan]
S8 s+H(1$ —+H(2p) e <13.6 [Cou, Caf]
s e~H(29—=H =2 <2 [Tew 2]
510 e+Hr —=2H +2= [Kis. Step]
S11 wW-H(lg—H == 136 [Cro]
S12 Ww-H(2p)—=H =2 33 [Cro]
513 WoHQ@)—H <e 35 [Cro]
514 e=H(ls) = H(lg =2 [Cal Kis ]
515 e=H(ls)—H(G9 -2 <15 [Cal. Kie 7]
S16 e=H(lg —=H@(3g) -2 <3 [Cal. Kie ]
S17 nw+H: —=H +H <6 [Cro]
518 2~H, =H-H <02 [St=p]
s10 Hiy +Ha—Hs +H <01 [Af. Chag]
20 e=H: (vb)—H ~H [Wad]
S21 a=H —2IH <02 [Stap. Chan]
22 e=H» —H +H 03 [Pear 1]
523 s-H: —2H-H == 15 [Pear2]
824 H-H:—=H -_ <50 [Nak]
525 H-H,—=H =H:==2 <01 [Nak]
526 Hiy +H:—=H.+H: <1 Mor]
827 s=H, —=H <01 [Briac]
S28 s-H—=H =3z [Det]
520 a=H—=H (ska) [iti, Bas]
330 e=H—-H <8 [Kis]
831 ¢~H: —H:~-H 03 [Ale]
§32 :~H: — Hi(vit)—H -H: <2 [Pear 3]
533 H-H—H-+H -2 448 [Taw 3]
534 2=H —=H-=2 <01 [Pear 4]
835 H+H ->H +H+e 11 [onbalcannt]
536 nW-H —H==(<10 ) [Ge1
537 H-H—H-H(<10" [onbalcannt)




Rekombinationen im

Wasserstoffplasma
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R3 H*+H,—>H+H, <1 [Nak]




VS.

Elektronenenergieverteilung
Neutralteilchendichte/Plasmadichte
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== FAIR

Ion Sources at 6SI

Overview & Operation Principles

Aleksey Adonin &

Ralph Hollinger
108, GSIT




6SI facility FAIR

/ High Current
Injector NORTH

- High current IS
-upto5Hz/ 2ms
-E=2.2keViu

- up to 20 mA 238y4+

- ECR ion source
- CW operation
-E=2.5keV/iu
-up to 0.2 mA

j HSI
o (RFQ, IH1, IH2)
36 MHz

Poststripper
(Alvarez, Single Gap Resonators)
108 MHz

P @ o




PERIODIC TABLE OF THE ELEMENTS

1A VIIIA
Produced elements at GSI
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a) MEVVA, b) MUCIS, c) CHORDIS, d) PENNING, e) VARIS n) sputter gas

f) auxiliary gas/material - p) full beam current at extraction potential

g) enriched material O eratm ) full beam current at 2.2 keViu

h) Synchrotron mode p g 1) ion beam current in front of the RFQ

i) other tuning of the ion source ) 90 % 4rms emittance behind extraction / in front of the RFQ
i) life time of the filament for MUCIS, CHORDIS, PENNING, - t) space charge limit for the RFQ (0.25 [mA]-A/7)

and life time of the plasma grids for MEVVA and VARIS [ ) for PENNING arc current, the maximum arc voltage is 2.5 kV

k) life time given by the volume of the gas bottle v) drain current
m) generation of CH3+ from the ion source for H+ or C+
behind the poststripper
ions Iec® Lacc® Lo’ SCL duty Ei/Burg” life  currentfraction other, arc type
[mA/KV] [mA] [mA] [mA] factor [rmmmrad] time [%] aux. power® of
[Hz/ms] [day 1H23+14+... gas [KW] 15
'H, 40/6.6 15 1 0.75 51 ~320/~110 T )5 Pl 70 5 V) 58 £ e 2 "
Hy' 90/132 50 2 15 51 ~320/~110 T D"-30.Dh- 5. Dy 63, 4 »
C /15 0.6 03 3 102 <500~20 p CO/f 2 a
o3 e 7"/113.2 03 0.06 15 1012 <500/~90 2 co.f 2 .
g B 15/6 e 0.5 3 51 ~320/~110 2 divers(C.H CH. ...) CH/ 2 .
"N 200110 12 25 35 5n ~320/~110 T N:3LN: @ 1 a
“CH, 30/8 12 12 375 51 ~320/~110 2 divers(C. HCH. ..) CH/ 2 s
"N, 40/14 33 4 { 51 ~320/~110 7 N3 N: & 2 .
YNy 3513 25 5.5 7 51 ~320/~110 3 N.:50,N: 50 15 5
oy 3013 15 35 8 0.24/0.4* ~650/~150 7 0210535 Mg’ 5 =
ot 30/13 15 35 g 0.24/0.4* ~320/~110 1 =21 0" 35 Mg’ 5 ¥
*Ne 0.15 0.09 5 50/6 <500/ ~90 5 .
Ne" 0.035 0.02 16 50/5.5 <500/~90 2 .
“Ne 04 2. 55 50/6 <500'~90 3 :
1"l’\-!g' 80/18 28 2 6 02504 ~650/~150 7 24/62 0.0 6.5 N
YAr 65/20 42 2 10 b3 | ~320/~110 3 80:20 3 "
YAr 50/19 33 2 10 51 ~320/~110 90'10 1 -
YAr 810 0.09 0.02 10 1272 <500/ ~-90 2377 2 3
i - o 810 08 025 5 S0/5 <500~20 6 2377 2 =
Ay 50/16 16 1.5 5 51 ~320/~110 5 6535 3 .
o By 40/15 15 5 3 0.25/0.6 ~630/~150 2 6/94 15 “
Ea 0.08 0.08 10 1072 <500/~90 2 e
e 03 0.1 5 50/5 <500/~90 2 Xe" =
2o, B o 0.15 0.05 33 102 <300'~20 2 Ne* e
ol 0.075 0.02 s 4 50/5 <300/~90 2 9/46/45 Ar =
Ak 035 0.07 625 50/6 <500/-90 3 9/46/43 Ar -
kP 0.02 0.02 638 50/6 <500/~20 5 Ar g
2Cr™ 11¥/11 02 0.07 635 50/5 <500/ ~90 2 Ar 4
“Fe™ 107/14 04 02 7 10/11 <3500/~90 4 Ar" =
*Fe™ 107/14 0.15 0.06 47 50/5 <500'~90 2 Ar 6 :
N1’ 60/ 2 40 8 145 1/06 ~630/~150 4 72225 NSO 25 “
ENT 60/18 17 5 725 1/0.6 ~650/~150 4 8/76/16 25 -
SN 04 0.1 725 50/6 <500/~90 1 Ar :
SN 16715 06 2 48 50/5.5 <500/ -90 2 Ar 4 5
L £ 025 0.02 46 1072.5 <3500/~90 1 Ar 2

10
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FEB |™u Fri Sat Sun Mon Tue Wed Thu Fri Sat Sum Mon Tue Wed Thu Fri Sat Sun Mon Tue Wed Thu Fri Sat Sun Mon Tue Wed Thu
2024v5 1 2 3 4 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
ISN 12-C(CH4) 18-0 197-Au
; 197-Au
ISS 50-Ti 50-Ti 025 1e
ECR 40-Ar
MAZ 4 6
Radnext, X0,
MAT, M1-3, 40-Ar g
174, X6, S0-Ti .
UNILAC
089, 26, 50-Ti
022, HAD, BRI S N = S BIO, FRS-HTM, | = oz
12-C HIC12C  HITC, 12-( m'mm'ml 12-C E S PRI 180 .:::'..
118, (b). FRS 110,
SIS HIC 124 ;::i‘
ESR ACC-Hitrap, 12-C + 18-0 ST
CRY 086, CRY-loc, 16-0
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@20 mm
I=14TmA

@320 mm

o l=140le?
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Im ]2111 [Bm 4m

@854 mm @1054 mm @1674 mm @2474 mm @3294 mm @4495 mm
4=97.9mA I=45mA =45 mA 1=38.5mA 1=35.4mA I=24.TmA
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== Types of High Current Ion Sources FAIR

[High Current Ion SOUI‘CGS}

[Filamenf dr-iven] (Vacuurn Arc dr'iven]

[High Duty fac’ror]

coil 2 ey €0l 1 solenoid

1
cathode o ﬁr/ﬂ\?‘:ﬂ”ﬁffﬂ

(T z
— anode to
extractor
trigger =
—R

iﬂm

MUCIS, MUCIS New,
CHORDIS

Working material:

MEVVA, VARIS

Metalls and Gases

Metalls and Gases

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
Gases :
|
|




- * 8~ FAIR

Filament driven Ion Sources

MUCIS New
CHORDIS




==l Filament driven Sources FAIR

T e T S T, e, S T A
Operation principle (ion production)

- Extraction
System

Plasma Generator

Filament
(cathode)

Extracted
lon Beam

Gas inlet
U, =-(1.5+2) kV

Ug,, = +(15+25) kV
G

Anode

K, Volg,




Low ECD

B

Matched Case

. —

2 e

High ECD
!’.

. A—-—-—1

Ion Extraction

Child-Langmuir Law:

4 [2e¢ 1 4 _r _ Uk
=—&, - E S=— =
Jer = 9 m J_ d d
Iep = 47T"90 ]{% \ 'UExrw
9 m
rode Screening Ground

/ .
s d
le:nm e -
meniscus




Il Extraction System FAIR

Triode Extraction Systems:

1 hole 7 holes 13 holes
2 4-8 mm 2 4-6 mm g 3 mm

Plasma - Screening ons AT 0103

distance: r =3 mm E II

Aspect Ratio: 5=05 go% A A== |
»I O ED 1 d——3 - 8l = >4

MAX Ext. Voltage: 35 kV \ \ &9/ / 7| == "I i

Emission Area: 92 mm? NG | II




== Post Acceleration, Kobra3-INP ~ FAIR

Extraction

E 2 yim n oy pla E 2 yim \‘ gamenrtal noay e M- 05w ‘17.? - Post ACCEIeration

L S —

@20 mm, I=159 mA @854 mm, I=117mA  @1054 mm, I=56 mA @1674mm, =56 mA

.l . e . e — ] e . .



==l Filament driven Sources FAIR

MUCIS (Multi Cusp Ion Source)
60 SmCo-Magnets (2 Tesla)

omiin TR Solenoid: 0.1 T
""ft"..?"f".f".‘“f IR ot 6 Filaments: W/ Ta
: 3 Duty Cycle: 5 Hz
Pulse Length: 1 ms
Arc Power: 3 kW (I..=100A)
Emission Current Density: 150 mA/cm? (Argon)
Cathode (2x) SmCo magnets

Extraction
electrode

N
SmCo magnets —— ﬁ'\
Gas inlet — =
Insulators
Anode Scr. and Gr. electrodes

Reflector electrode




==l Filament driven Sources FAIR

T T G T, | TR TN, | S T i A
MUCIS New R, Hollinger

= Bigger Plasma chamber
» Improved Cooling (I... = 200A)

» Symmetrical Magnet alignment at the ends

1 - Gas inlet
2 - Cooling system
~ 3 - Cathode flange

4 - Filament
» Halbach-alignment of the Magnets S - Magnets
6 - Anode
» Optimized for highly-charged ions 7 - PE flange

(Kr2*, Xe®) 12345678 S-Tﬂoﬂesg';tfm
=1




==l Filament driven Sources FAIR

T T G T TR, Sy A A
MUCIS New R, Hollinger

= Bigger Plasma chamber
» Improved Cooling (I... = 200A)

» Symmetrical Magnet alignment at the ends

1 - Gas inlet
2 - Cooling system
3 - Cathode flange

4 - Filament
» Halbach-alignment of the Magnets S - Magnets
6 - Anode
» Optimized for highly-charged ions 7 - PE flange

Sl 8 - Triode system
(Kr2*, Xe3+) e y
— =51




==l Filament driven Sources FAIR

CHORDIS (Cold or Hot Reflex Discharge Ion Source)

» Smaller Plasma chamber

» 20 SmCo-Magnets (2 Tesla)

» Plasma-Electrode at the Cathode potential

» Optimized for singly-charged ions

R, Keller

Gas inlet

Insulators SmCo magnets
Extraction
‘ | fn electrode
| Wown PSS || W o, ||
B =
Reflector 5 Insulators
electrode : Scr. and Gr. 5
Anode electrodes cm
Cathode




== | | FAIR

Vacuum Arc driven Ion Sources

MEVVA




Vacuum Arc driven Sources

FAIR

Ignition Pulse

U,=+12000V Coil 2

Cathode

Operation principle

(desired Me)

Coil 1

SO
PaN!

U=0 \\

1

=l

Trigger Finger

Isolator

E Anode

U, = +(100+200) V

To Extraction
System

g\ T S e M e T

Trigger Ring / b E :/

Trigger Pulse:

Self Pinching Effect:

XX

T~20 ps

U=12kV
I > 700 A

1=30A

R, Hollinger

jons tingger plasma

oo & -
tngger ring

isolator cathode




Vacuum Arc driven Sources

R, Hollinger
Cathode: Ti 100 ps after Ignition = =

I, = 1000 A anode

jons trigger plasma
Jer ring -

isolator cathode




Vacuum Arc driven Sources FAIR

ﬁ‘ \
R. Hollinger
Cathode: Ti 4

Tl 1000 A

jons trigger plasma

Jer ring
isolator ! e ooe




==l Vacuum Arc driven Sources FAIR

T S . A acate DRI AR T %\
MEVVA (Metal Vapor Vacuum Arc Ion Source)

Revolver with 17 Cathodes

2 Solenoids: 0.1 and 0.2 Tesla
Arc Power: 50 kW (13.3 MW/cm?)
Arc Current: ~1 kA
Duty Cycle: typical 1 Hz, 1 ms
Working Material: ductile Metalls
Life time: ~1 Week (Uranium)
: Insulators
Anode Coil
/ Extraction electrode
Trigger &%} ?
| / X 2Ry
§ Insulators
§ Scr. and Gr. electrodes
17 Cathodes Grid 2 _
Insulators " Grid 1




==l Vacuum Arc driven Sources FAIR

T e T i T . TN, T A
VARIS (Vacuum Arc Ion Source)

» Optimized for Uranium (67% of 2°°U*)

» NO water cooling necessary

» Emission current density: 170 mA/cm?
156 mA @ 32 kv
55 mA @ 131 kV

» Beam in front of the RFQ: 16 mA

-

R, Hollinger




===l FAIR




= Penning Ion Source FAIR

Operation principle

v
. o o Heizfaden
Beschleunigungs- |
spannung -
Kathode
Beschleunigung A i i at :
Bogenspannung + 3 _5 j; :
Extraktionsschlitz
Gaseinlass i ; : s T
(% Anode Be;;chleunlgung : : :
Nt - Richtung : vor der :  Austritt aus
= > Sputterspannung :  Antikathode Antikathode :  derAnode :
| % ) er:mttnert Austritt aus Beschleunigung vor der
= der Anode Richtung Kathode Kathode
- Sputtermaterial
(%) e lHeizfaden =65+75A
%) s Ug..., =500 =800V
Gaseinlass
s Up,ie = 1200 = 2500 V

Extraktionsspannung

Pl Uspuser = 400 + 1800 V

- Antikathode

i i i i
O g0
[ ]

LY

U, up to 23 kV
A. Bloch-Spith

g M
=P !




Penning Ion Source

Operation principle

) — Heizfaden

Kathode

Anode

Srutter

Elektrode

Extraction

System

— Antikathode

FAIR

-

+ ‘ U‘t

A A

leunigung : : : :

‘htung ; vor der - Austritt aus -

kathode Antikathode I derAnode
Austritt aus Beschleunigung vor der
der Anode Richtung Kathode Kathode

IHeizfaden =65+75A

Uge.e,, = 500 = 800 V
Upieer = 1200 = 2500 V

Usoutter = 400 ~ 1800 V
U, up to 23 kV




el Penning Ion Source FAIR

PIG Magnet 110°
(l,=125A) \ o
Extraction

(Ugyt = 13.5 kV) =~

I
H

» Slit Extraction System

» Working Material:
Gases and conductive Metals

» Duty Cycle: up to 50Hz / 5ms

» Emission Current Density:
up to 100 mA/cm?

» Charge State: 1+.. .10+




== | FAIR
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=1 Electron Cyclotron Resonance FAIR

R, Geller Operation principle
a 3. Solenoid ECR-Zone
e
e Oy =0Op. =B-—
ECR: oy =00 =B - —-
kammer ~
For w,. = 14.5 GHz there is a ST 2 ® o 0o g s, / _
. M-} 6., - -i‘._ .:N e @® .'*a;, a
Resonance Field of B=0.52T RN A S
N y _ -
I —-
HF Solenoidfeld
é‘i’é e Hexapolmagnet
Z-®
(B  Sirin = »’
E3
iy e
> >
— = P
} U U ¥ FL . ’—"7
schrag zubB
36




e
Em: a)H_F :a)cl.!c:B-_

m

Longitudinal confinement

magnetic mirror field

Radial confinement

magnetic multipole field:
quadrupole, hexapole,

octupole, decapole ...

Complex resulting field:

superposition of mirror + multipole

Electron Cyclotron Resonance FAIR

Operation principle

Solenoid ECR Zone

Plasma- - _ -
i

kammer ™~

s AL

[=>}

L J




=L Electron Cyclotron Resonance FAIR

R, Geller Operation principle
P =N Solenoid ECR-Zone

ECR: 0. =0. = B-£

e e m Plasma- _
kammer -

For w,, = 14.5 GHz there is a — 7= LT, _’: B

Resonance Field of B=0.52T BN 9+ @ ° ¢ f 3 )
. J N\

__Solenoid
screen

16 =37 mm

ion extraction




==L ECR Ion Source

FAIR

ECRIS Llecﬂ'on Cycloh-on Resonance Ion Source)

s\..

d-lla

- - : ¥ . — ) —
" - _ > =

v S

» Hexapole field: 1+12T

» Solenoid field: 0.8+-14T

+» yW-Power: 20 = 700 W (CW)
» yW-Frequency: 14.5 GHz

» Gas pressure: 10-¢ = 10-* mbar

s Gas consumption:
s Current density:

s Electron energies:

IRON YOKE HEXAPOLE

IRON

PLASMA CHAMBE

" ID88 x 180 mm

INSULATOR

1 scm3/h
1 mA/cm?

several 100 keV

MICROWAVE
145 GHz

;

HY BREAK

WINDOW

OVEN

N\

IRON

PUMP 100 mm
K, It nggﬁert




I ECR Ion Source FAIR

T ST T T, - ST 7 A A
Oven (for Me operation)

; alumina
oot dbdiedbdidbdiddd P M =
l { | -
e e ———— It 1T copper

molybdenum

tantalum

Setup:

» Central connection for current lead
» Heating helix on ceramic body
» Water cooled translation rod

Operation:

» Electric power: 20 = 120 W

» Temperature: 400 = 1550 °C

» Material consumption: 0.2 + 5 mg/h




==L ECR Ion Source FAIR

Features of ECRIS:

» no filaments === preduced maintenance

» effective thermal evaporation of Me-elements === |ong lifetime
» low material consumption === high efficiency

» long ion confinement times === high charge states accessible

» high charge states == injection intfo LINAC without PA

» CW operation === no limitation of duty cycle




I As a conclusion... FAIR
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