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What is an ion source (and LEBT)? ooy

Beam
Transport

...what do they do?



Key functions of the ion source and LEBT: (there are many ways to

combine these functions)

lon species . transport the low
extractlon . __acceleration
generation election energy beam
the accelerator

N e

maghnetic e.g. an RFQ
or cyclotron

or electrostatic or electrostatic column

HvY 0V
1 mbar drop the pressure by 6 orders of magnitude! 1x10% mbar

Goal: deliver the required
beam to the 1st stage of




Key functions of the ion source and LEBT:

To give birth to the beam!
., ] A

ccccc



Key functions of the ion source and LEBT:

lon
generation




Plasma generation - lonisation

neutral atom

many sources rely on electron impact ionisation



Plasma generation - lonisation

electrons also drive many
other key

plasma processes
(excitation, disassociation,
secondary emission,

etc.)

positive ion

many sources rely on electron impact ionisation



Accelerating electrons

Capacitively Coupled Plasmas
(CCP)

voltage applied to electrodes
creates the electric field

power I
supply

E

-_

cathode anode

many different electrode and
magnetic field configurations
DC and AC

Electromagnetic Cavity Plasmas Inductively Coupled Plasmas
- waveguide or coax coupled (ICP)

o a time varying current in a coil
the electric field Component of the creates a time varying magnetic field

electromagnetic oscillation in a that induces a time varying electric field

cavit
Y ?‘:«:E:—%a

GHz
amplifier MHz
amplifier

“Microwave sources” . .,
“ECR sources” RF sources



Accelerating electrons

Capacitively Coupled Plasmas
(CCP)

voltage applied to electrodes
creates the electric field

power A
supply

E

5

cathode anode

many different electrode and
magnetic field configurations
DC and AC




Plasma Pioneers

magnetism could
move the glow
discharge

ol iy
R

“Julius Pliicker

Mid 1850’s University of Bonn

y
> *ull 4

Heinrich Geilller

Gas discharge tube and
mercury displacement pump

just less than 1 mbar
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Drawing of Geissler tubes from an 1860’s French physics book




Early 1870’s

Micheal Faraday 1816

Hermann Sprengel

i Improved mercu um
William Crookes P ry pump

10> mbar
Aston Anode
Dark Negative Faraday Positive Anode Dark
Space Glow Space Column Glow Space
(AD)

(NG) (FS) (PC) (AG) (AD)
|

+ ]

Cathode

Anode

+

Cathode Cathode

clow Darkspace LOts of phenomena described! |\ | angmuir 1928


http://upload.wikimedia.org/wikipedia/commons/9/99/NSRW_Air_Pump2.png

Light fast electrons vs heavy slow ions



Light fast electrons - sheath phenomena

cathode anode

sheath i
Vcathode : : Vanode
| electrons |
v A havea |
anode greater |
@ | mobility /! €okT,
S : AD — 2
o i \ Ne(e
Vcathode I >

distance
sheath dimensions = a few Debye lengths



Canal ray source

In 1886 Eugen Goldstein discovered “canal rays”

perforated cathode
g|ass anode

tube \

positive ion beams

accelerated by the
cathode sheath Discharge Power

potential Supply —
1-100 V

vacuum
pump

“the 1st
lon
source?”



Key functions of the ion source and LEBT:
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Arthur Dempster 1916

developed for early

mass spectrometry gas feed JI >
[

Cathode filament source

“Electron Bombardment Source”

Filament Power

Supply
2-10 A

—
cathode
filament

anode
/
/ extraction
electrode
T
D beam
[ //
“the 1st
true ion
N |- source

Discharge Power
Supply 0.1 -10 A

Extraction Voltage
Supply 1-10 kV
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Filament Power

Supply
2-100 A

gas feed

Plasmatron (late 1940s)  conea

intermediate
electrode

anode

/

extraction

!—>:

cathode
filament

—

electrode

beam

al

1+ |-

Discharge Power

Supply 2-100 A

Extraction Voltage
Supply 5-50 kV




Duoplasmatron (1956)

solenoid field iron
return yoke

conical iron funnel
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2-100 A cathode — beam
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Duoplasmatron
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Accelerating electrons

Capacitively Coupled Plasmas
(CCP)

voltage applied to electrodes
creates the electric field

power A
supply

E

5

cathode anode

many different electrode and
magnetic field configurations
DC and AC
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Vacuum Arc lon Sources

1980s - lan Brown at Lawrence Berkley Lab (and others)
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Y MEtal Vapor
(reeer | Vacuum Arc
BERKELEY LAB (|\/| EVVA)

15 mA of U4* ions
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Laser plasma ion sources

Plasma Target Expansion High Voltage Suppressor
Plume Chamber Region  Extraction Insulators Electrode
Aperture

Target

- ‘ | — *

|

L] Earth
I_l Electrode

(7 .
Target Salt Window L |
Rotation L/ ~ 200 mm
Mechanism Laser Beam
i i High Power
Focusing Optics I e

1 -100 Joules per pulse!
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ITEP Laser source at CERN




TWAC at ITEP Moscow

7 mA, 10 us pulses of C4*

BROOKHFEAVEN BNL and RIKEN ﬂnmsu

NATIONAL LABORATORY

|
Bl 9 Masahiro Okamura has demonstrated

Ol ; Direct Plasma Injection into an RFQ
L™ A
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Accelerating electrons

Electromagnetic Cavity Plasmas
- waveguide or coax coupled

the electric field component of the
electromagnetic oscillation in a
cavity

GHz
amplifier

“Microwave sources”
“ECR sources”




Microwave lon Sources

There are two types of microwave driven ion source:
1. High pressure microwave discharge sources

2. Electron Cyclotron Resonance (ECR) sources
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Microwave discharge ion source

solenoids
plasma chamber
\ high voltage insulators
MWave
gas feed I—Im /
[ i H ’ Im | E Electron
\ — [ ] o
RF inll — -
ﬁ A1

£

E / discharge -7

scharge = | 2.45 GHz
stepped RF ) M MU\ J\ commonly used

matching section earth electrode

plasma
electrode suppressor eB

electrode Wgcp = ZﬂfECR — %

| |
=~ 100 mm

87.5mT



Microwave discharge ion source

PLASMA ELECTRODE
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Fig. 2 High-current low-emittance microwave proton source,



SILHI Microwave Source

Rafael Gobin

CEA Saclay
Late 1990s

L
1 1 &

140 mA DC
protons
For one year!



ESS Source

1 kW RF injection
system at 2.45 GHz

.

75 kV extraction/
focusing system

N,
B =

<&
N »b-

4 mA proton beam
Magnetic system @ 0.1 T

Plasma chamber

80% proton fraction
» H2+

SILHI source via INFN A



Microwave discharge ion source

solenoids

plasma chamber
high voltage insulators

gas feed \ \hm MD /r:
RFin L ——
m—

: UL
stepp{ed RF M Mm\ l ll

matching section earth
| | plasma electrode
~ 100 mm electrode
suppressor

electrode



ECR ion source

A

plasma chamber

solenoids

super conducting solenoids

high voltage insulators

gas feed
\ \ELER SR
RF inl beam
-~ — @@ _———————
m— /CD - —
| / | ‘ |
’ D QJV ) —
stepped RF I—ID\
matching section earth
| | plasma electrode
~ 100 mm electrode
closed ECR surface A Suppressor
Section on B-B electrode

eB

Wgcr = 2N fgcr = E

Hexapole
magnetic field

(usually coil generated)

B

Section on A-A



BERKELEY LAB

uperconducting VENUS ECR R

LBNL
Late 2000s

Higher frequency = higher density

200 epA U34 jons
4.9 epA U4 jons
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45 GHz - 4th generation ECR ion source

Liangting Sun
IMP CAS

LEAF at Institute of Modern Physics, heavy ion research, Chinese Academy of Science

Higher frequency = higher density
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Electron Beam lon Sources

Electron Gun Electron Beam pyift Tubes Superconducting Solenoid glriglrlﬁ::;

Electron
Dump

extraction

electrode
~ Imlnm lonisation Chamber
Drift |
TubeV [ Stepwise
lonisation
Trapping and lonisation Phase 5




Electron Beam lon Sources

Electron Gun Electron Beam pyift Tubes Superconducting Solenoid glriglrlﬁ::;

Electron
Dump

extraction
electrode

- lonisation Chamber
=100 mm high charge state

positive ion beam

Extraction Phase >

Drift |
TubeV

»Z




BROOKHIAEN

NATIONAL LABORATORY

Jim Alessi
BNL

1.7 emA, 10 us, 5 Hz
Ag3?* ions

Fully stripped nuclei can
be obtained in EBIT mode
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Negative lon Applications

Cyclotron extraction
Tandem accelerators %}igﬂ ______________ o o bear
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~
Seo
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S~

Beam Proton beam L
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accelerating  positive ions
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Negative lon Sources  cernLINACA

e-dump surface

Knocking electrons off is easy!

- It is much harder to add them on....
Not all elements will even make negative ions
Hydrogen has an electron affinity of 0.7542 eV

H-has much larger cross sections than HY
Up to 30 times for e~ collisions
Up to 100 times for H* collisions

H-are very fragile!

Co-extracted electrons can be a problem




A 1937 tandem

Early a’tfempts at producing negative ion beams:
« Charge exchange of positive beams
stripper foils and gas cells

- very inefficient <2%

 Extraction from existing ion sources...



/ Off Axis Duoplasmatron Extraction




/ Off Axis Duoplasmatron Extraction

/ 1960’s George

Lawrence Los Alamos

>Displacement




Off Axis Duoplasmatron Extraction
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Off Axis Duoplasmatron Extraction

l

y:

m=mm National

INBC Electrostatics
= ommm COTP.

Direct Extraction
Negative lon
Duoplasmatron

30 uADC
H™ current

displaced
intermediate
electrode
duoplasmatron



1962 Victor Krohn

Cs* ions on a metal target
iIncrease yield of sputtered negative ions
by an order of magnitude

Space Technology Laboratories inc.
Redondo Beach, California

SPUTTERED ION
ACCELERATOR GRID
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CURRENT
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L i

(ON BEAM ENTRANCE / §
HOLE ?-'!!"'-?E-\‘-
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GRID V, =0
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Vg + 750V

SCALE: %t
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SNICS (Source of Negative lons by Caesium Sputtering)

i

Cathode Sputter crater Roy Middelton et. al.
material plasma “A Negative-lon Cookbook”
insert cathode material and gas recipes
2x107 mbar .. :
Negative ion currents (in pA)
Negative ion H-130 Si-430 As 60 Cs 15
Cathode beam D- 150 P-125 Se-10  CeO-0.2
gas Vo Li- 4 S-100 Br40  NdO-03
4 BeO-10  CF100 Sr15  EuO-1.0
B- 60 CaH;- 0.8 Y-0.66  ErO- 10
/- B, 73 TiH-10 Zr-9.4  TmO-1.0
C- 260 VH-25 Nb-7 YbO- 1.0
Cathode C,~40 Cr5 Mo-5 Ta=- 9.5
10 kV Extraction CN-12 MnO-4 Rh5 TaO- 6
i electrode CN-(15N)20 Fe-20  Ag-13  W-25
O- 300 Co-120 CdO-7 Os-15
+15kV F- 100 Ni-80  InO-20 Ir-100
Na- 4.0 Cu-160 Sn-20  Pt-250
Caesium @ Heated ioniser MgH, 1.5 ZnO-12 Sb-16  Au-150
Nationai/apour 1 1 OOoC A|2_ 50 Ge~ 60 I-220 Bi- 3.5
Electrostatics . L
Corp. Produces a large range of different negative ions
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Early 1970s Budker Institute of Nuclear Physics Novosibirsk

Production of H-ions by surface ionisation with the addition of caesium

Surface Plasma Sources (SPS) :
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Caesium - The magic elixir of
negative ion sources!

' Periodic Table of the Elements
3 3 hydrogen B poor metals
.~ Li Be alkali metals O nonmetals
@.‘ alkali earth metals B noble gases
N'” M12 transition metals rare earth metals
More ae
. 19| 20| 21| 22| 23] 24 25 28] 27| 28] 29
reactive K |Ca|Sc|Ti |V |[Cr|Mn|Fe |Co|Ni |[Cu
37| 38| 29| 40| 41| 42| 43| 44| 45 48] 47
Rb|Sr|Y |Zr INb|Mo| Tc | Ru|Rh |Pd | Ag
72| 73] 74 78 78| 7 78] 79
Hf | Ta |W | Re| Os| Ir | Pt | Au
104 105| 108| 107| 108| 108| 110
Ung|Unp|Unh|Uns |Uno|Une Unnl
58] 50| 60| 61| 62| 63| 64] 65| 66| 67] 68 69] 70| 71
Ce| Pr|{Nd|[Pm|{Sm|Eu |Gd | Tb | Dy|Ho | Er | Tm|Yb | Lu
o0 ©1| 02| o3 o4 95| o8| or| 98] 99| 100] 101| 102] 103|
Th | Pa| U [Np |Pu|Am|Cm Bk |Cf |Es | Fm| Md| No | Lr
1 electron in
the outer :
orbital An amazing donor of electrons

= great for making negative ions
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Caesium coverage and work function
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Filament cathode surface converter source
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Multicusp Filament Volume Source
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15 mA DC H- beam
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Driving electrons

Inductively Coupled Plasmas
(ICP)

a time varying current in a coil

creates a time varying magnetic field

that induces a time varying electric field
0B

E=——
V % o

MHz
amplifier

“RF sources”




|ICP are ideally suited for negative ion production because they do not
produce high energy electrons like ECR and microwave sources

high electron A low electron B
temperature temperature
plasma plasma region multicusp
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' 'ad extraction
1 \ electrode
— m L
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o >
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lectron plasma i
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Internal RF solenoid coil volume source
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External RF solenoid coil volume source
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ISIS RF H_ IOn Source (currently in commissioning)
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Polarised Electrons Polarised H-
Jeff;%"'-ab BROOKHIAEN

NATIONAL LABORATORY
Strained GaAs photocathode

Circularly polarized laser light
pr(gduces polarised electrons

-1 80
1 ERA 1. High current proton source and H neutraliser cell
s ey 2. He ioniser cell
. 1% 3. Laser pumped Rb-vapour cell
f 40 4. Sona-transition
o.ozm’ o T 5. Na jet ioniser cell
A (nm)

100 pA polarised e~ 1.6 mA 400 us polarised H-
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Which Source?

 Type of particle

 Current, duty cycle, emittance
* Expertise available

* Money available

« Space available

* Lifetime



Reliability — is critical!

» Operational sources should deliver >98% availability
* Lifetime compatible with operating schedule

* |deally quick and easy to change

» Short start-up/set-up time



cryogenic timing machine communication
systems systems interlocks systems

Reliability also depends on: low voltage

Eve ryth | N g E I Sel power supplies

cooling water

human error

hydrogen vacuum systems
temperature high voltage compres§ed
controllers power supplies air supplies

control systems
mains power

personnel material purity laser systems

interlocks



Key functions of the ion source and LEBT:

lon .
. extraction
generation

"




Key functions of the ion source and LEBT:

. species
extraction .
selection

»>_ -




Key functions of the ion source and LEBT:

transport the low
energy beam

N B e

maghnetic e.g. an RFQ

acceleration

or cyclotron
or electrostatic column

-

or electrostatic

oV



It is entirely possible to transport entirely electrostatically

you can go all the way to =1 MV:
Plasma Durping Moegneis Sacond lens § alesrer | choppss ) 24 2 i

Permanert magnsts %, Cesium collar "'-._ Dumpinig electrods Fl'sl l=ns Y Chooper tangst / HFQ
o, h ' ! '. antranca I'I:|n|;-r.= iground]

- 1 s
- L " |
- 1
., L
> 3 1
. .
.
'

.i

Winoow._

}

~w—
R

B

1)

Gas supphy=

_—
] 'f‘-.
HF.m;nnna Fl'nnn\g"rnl Outlet eecirade  Exiracar slectrada E.n:-..-1 alacinods
—
] |
-
v Science and
OAK RIDGE - RE
Facilities Council
National Laboratory

ISIS Neutron and
Muon Source

..but there is very little flexibility, with lots of sparks, x-rays and unwanted particles



Another advantage of a solenoid magnetic LEBT:

Space!

oooooo oooooo
for: e BoeanD
* pumping it it
* line valve OOooOD Efe[atatela |
beam dilution (1% 5% 10%) e.g. an RFQ
pencil beam collimation or cyclotron
interlock compliant beam-stop - or electrostatic column
beam profile measurement Oooooo N Oooooo ]
. oooooo oooooo
beam emittance measurement Hooooo aooooo
oooooo oooooo
beam current measurement Hoooag oooooo
. . oooooo oooooo
diagnostics

How much space do you need? Around 2 m?



Why can’t you just drift a beam?

1 I

e.g. an RFQ
or cyclotron
\ | or electrostatic column

-




17 keV beam i
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create a Particle In Cell (PIC) model of a
Yy
L., 17 kV + 48 kV = 65 keV beam
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beam pipe
beam pipe boundary held at 0 V




beam pipe boundary held at 0 V

17 keV beam
Vy = -E.V,.Y
V, = -£.V,.X

launch
emittance

beam pipe boundary held at 0 V
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a 2 m beam is too long and thin to display, so scale z axis/20
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complex structures emerge from mathematically perfect LEBT entrance beams:

£, g,
X y

uniform emittance

y mA/cm?2

25
2.0

1.5

1.0

Io.s
-~ electrostatic lens with complex beam
uniform beam density profile spherical aberration density profiles

The actual ISIS LEBT entrance beam profile
Is far from mathematically perfect!...
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Why can’t you just drift a beam? - aberrations!

 electrostatic focusing aberration

« complex beam density and emittance from
plasma and extraction

* Space charge!
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Space charge compensation reactions and compensating particles

proton beams Hminus beams

ion beam impact ionisation ion beam impact ionisation

H*+H, > H"+H +e” H +H, >H +Hf +e”

Y\

y XY e_
electron impact ionisation H+{ 715/_)}>H2 electron impact ionisation H‘{ Hy )3>H2
\ A

e"+H, > Hf +2e”

e+ H, > Hf +2e~ NV
WALL
secondary electron production electron detachment

e~ + WALL - 2e~

compensation times in ys compensation times 10’s of ys

compensating particle production rate is dependent on background gas pressure
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For both positive and
negative beams both the
degree of space charge

compensation can be

Increased by bleeding gas
into the LEBT

transport the low
energy beam

B

maghnetic e.g. an RFQ
or cyclotron

or electrostatic column

or electrostatic

_ I

higher pressures in the LEBT
can lead to increased sputtering
damage in the RFQ




Summary

* Particle sources are a huge interesting subject
* A perfect mixture of engineering and physics
* We have only scratched the surface



Thank you for listening
Questions?



Additional slides



extraction in ion sources is NOT limited by

‘lll’ e

C.D Child | Langmuir
1911 1913




Child-Langmuir Law  {racecharse

cathode anode

VCathode earth

EEmission

electron
emitting
material

& N
o~ >

electron
beam

C.D Child | Langmuir
1911 1913

3
4 %VE



http://www.google.co.uk/imgres?imgurl=http://upload.wikimedia.org/wikipedia/en/thumb/4/41/Colgate_University_Seal.svg/150px-Colgate_University_Seal.svg.png&imgrefurl=http://en.wikipedia.org/wiki/Colgate_University&h=121&w=120&sz=5&tbnid=Ff8IE_N9AD7vrM&tbnh=0&tbnw=0&prev=/search?q=colgate+university&tbm=isch&tbo=u&zoom=1&q=colgate+university&usg=__oCOGNWCDmh6EKZzl13fZMVzWbDQ=&docid=wNlOQsWpu9Tx5M&sa=X&ei=HmSUUMnfO4aG0AXKy4GgAg&ved=0CIEBENUX

Assumptions

a &~ D

nere are infinitely many particles available to be emitted.x

ne emitted particles have zero initial veIocityX

T
T

The emitted particles have non-relativistic velocities.

The electrodes are parallel and infinite in the plane normal to the beamx

Constant spatial distribution of particles perpendicular to the direction of
beam propagation.

. Zero electric field at the emitting surface.x



Accepted wisdom
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As espoused by:

The physics and technology of
ion sources 2nd Ed.

Brown . 2004

(Wiley-VHC)

Theory and design of charged
particle beams

Reiser M. 2009

(Wiley-VHC)

Particle Sources
Faircloth D. 2011-2023
(CERN Accelerator School)

... and many others



Recent Work

Critical assessment of the applicability of the Child- é
Langmuir law to plasma ion source extraction systems I UNIVERSITY OF JYVASKYLA
S T Kosonen, T Kalvas, V Toivanen, O Tarvainen, D Faircloth

Plasma Sources Sci. Technol. 32 075005

Published 12 July 2023
DOI 10.1088/1361-6595/ace0d7

The Child Langmuir lllusion

D. Faircloth, T Kalvas, S Kosonen, O Tarvainen and V Toivanen
J. Phys.: Conf. Ser. 2743 012085
Published 12 Jan 2024
DOI 10.1088/1742-6596/2743/1/012085

Science and
Technology
Facilities Council

Confirmation that the

Experiments | + Modelling = observed power law is
caused by meniscus focusing

and collimation
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The true cause of the
observed “power law” Is
meniscus focusing and
collimation on the extraction
(puller) electrode
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Beam current and total current vs extraction voltage
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