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Particle sources/guns consist of:
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Thermionic Emission
Fredrick Guthrie
British scientific writer and professor
Ared hot metal ball
= looses negative
— charge Electren flow The
“Edison
7 —(®— effect”

Elements of Heat in 1868

First experimental observation of
thermionic emission

1880 Thomas Edison
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Cathode Materials : :
Child-Langmuir Law
5 (Space charge limited extraction)
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Cathode
Thermionic dispenser cathode

® EIMAC YU 171 with integrated heater and grid

] Gridded

Extraction
Sinter of W and BaO
Atriode amplifier! lecm?
12 W heater

Heater

E

Ground

PAUL SCHERRER INSTITUT

Electron
beam

diamond

Swiss Light Source

90 kV triode gun with Pierce geometry

1000 ns, 3 nC long pulses Lfetime <
or several thousand hours

1ns, 1.5 nC short pulses
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Photo Emission

First observed by Heinrich Hertz in 1887

uv [ — )

Theoretical explanation by

Photo electric emission

Work Function
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Number of incident photons

Quantum efficiency (QE) =

Photo Emission
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Ground
|
Materials: Laser beam
Cu QE 0.001%
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Space Charge

0 100 200 300 400

Space charge force
scales as 1/y?

At 500 keV electrony=2

940 MeV protony=2

500 600 700 8)C 90D 1000

electron beam energy (kev)

Another reason to use lasers is...

Lasers are so fast they can easily beat
Chlld_Langmu”. (and so can gridded

Cathode

Cs,Te

“Pancake”
beam

extraction)

Anode

Ground

Short Laser
Pulse

RF Photemission Source

Resonant RF cavity ples:e'S
Normal or Super Conducting
1.3 GHz n n
RF feed
Time
High Fields \/ RE \/
>10 MVm™? waveform
Photo
Cathode “Pancake”
Cs,Te L0 0 0 beam
pulses

Short Laser

Pulses

RF feed
1.3 GHz

PITZ

#hoto Injector.
Test Facility

ﬁ HELMHOLTZ

Zeuthen

manin solencid

20 ps, 1 nC pulses

High brightness low emittance guns for FEL

| BEMEINSCHAFT < }

Super conducting

(g™

ﬁ HELMHOLTZ
ZENTRUM DRESDEN

R0SSENDORF

15 ps, 1 nC pulses
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Plasma cathode and other electron sources

Very high electron currents
can be extracted from
plasma cathode electron

sources
Cathode Anode
Plasma
chamber
> 1kA!
Long lifetime cathode Ground

Combinations of those

e.g. photo-thermionic

Field emission from needle arrays

mentioned

Rarely used in
accelerators:

Diamond amplifiers
Etc...
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e Photons o RANGES OF PLASMAS
Neutrinos - W:

.
Protons Antiprotons
B

M2 Muons « U™

Neutral
particles

.
|

Highly ch d i
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Centre of Sul

Lasers

Particle Sources

pemusphere

Solar corena

ELECTRON DENSITY
Elecerons per cubic cemtimetre

Interstellar

1c< 10" 12 10' 10¢ 10 1C* 10° 2V
100 10 et 100 1o 15 16f to
TEMPERATURE

lonisation

Neutral Atom

Most sources rely on electron impact ionisation

lonisation

Neutral Atom

Most sources rely on electron impact ionisation

lonisation

Positive lon

Most sources rely on electron impact ionisation
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1GA
Quark Gluon Plasma . .
ma [ e Basic Plasma Properties
Z-Pinch
o / Thermal Arc Discharge Density’ n (per Cma)
100 A
. GIEEEIEES n, = density of electrons
g oA n; = density of ions
% n, = density of neutrals
£
Temperature, T (eV)
5 m
<< =
bark Discharge Toursens o T, = temperature of electrons
nA . e 7. = temperature of ions
Background lonisation
10V Breakdown 4ronete beteen T, = temperature of neutrals
Voltage
Temperature Distribution Magnetic Confinement
o . .
w ]
Maxwell Boltzmann  © velocity ofeleriy
statistics g :
velcoity of tons, T = L57 %’
o
o
In magnetic fields: _
m#w#n
o

T T T T T Particles spiral along magnetic field lines

AN AT
Solenoid field

VEKIGHL RlELL TURU UKL
oI FIELD ©0IL

BIATMA CHRRENT BIRTME  MEENETIN £ IEIDLIME
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Hexapole
S

/

_Multicusp Confinement

Collisions

Concept of mean free path does not work in a plasma

The average time it takes for a particle to be
deflected by 90 °

Charged particle trajectories are constantly afj

by their neighbours electric fields

Relaxatioh time = 90° deflection time

Percentage lonisation

n.

l

n+n,

> 10 % -» Highly lonised
< 1% - Weakly lonised

Quasi Neutrality

Debye Length
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Plasma Pioneers
Plasma Sheath

f)
Plasma Cathnde

I A
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Quasineutral plasma
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Eleciran density

; Heinrich GeiBler Julius Pliicker
: Gas discharge tube and Mid 1850’5 University Of Bonn

mercury displacement pump
just less than 1 mBar

magnetism could move the glow discharge

Canal Ray Source

In 1886 Eugen Goldstein discovered canal rays

Perforated

Glass Anode
Cathode
@080 @-0-@-@~1 & : Tube\
Vacuum
(=] Pump
Positive
lon
Beams Discharge
Drawing of Geissler tubes from 1860’s French physics book Power Supply
1-100 V
Positrons Particles and Sources
Electron Bombardment e I
Photons
SOU rce (1916) Neutrinos
Pn;tons Anti eVuVr
H: Muons « I . ntiprotons
Anode Neutwnﬁ
Neutral
_— . particles
- Extraction Negative
i Electrode a .
ions \ Ho
Gas Feed I::>
- ) j —
Filament Power Beam
Supply / i i
210 CathodeSial Highly charged ions .
Filament O
Higgs
Bosons
Fully stripped ngu;lei 'F Polarised 2Zoo of curiosities
+|—  + - ‘ﬁ eg. U particles Tauons  w+z
- | Discharge Power Extraction Voltage H xesg;‘: Bosons
Supply 0.1-10 A Supply 1-10 kv Exotic nuclei ﬁ e.g. Lrios ryc
DanFaicloth CAS 201




Plasmatron (late 1940s)

Conical Intermediate
Electrode

Anode

Extraction
- Electrode

Filament Power
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Duoplasmatron (1956)

Solenoid Field Iron Conical Iron Funnel
Return Yoke Intermediate
Electrode

Solenoid

Expansion
Cup

Anode

Extraction
Electrode

Filament Power

Supply Supply
2-100A 2-100A
Defocusing
Solenoid
- | Discharge Power Extraction Voltage Discharge Power Extraction Voltage
Supply 2-100 A Supply 5-50 kv Supply 2-100 A Supply 5-50 kV
CERN Duoplasmatron
Particle sources/guns consist of:
Something to make An extraction
the particles system to create
< e and accelerate a
o dnnte beam
300 mA The emission surface is critical
m rotons .
P to the quality of the beam
150 ps pulses at 1 Hz

Plasma Mencius

Plasma  Extraction Plasma  Extraction Plasma  Extraction
Electrode  Electrode Electrode  Electrode Electrode  Electrode

Convex Flat Concave
Not including space charge effects

Space Charge

Plasma  Extraction
Electrode  Electrode

Slightly
Concave

Beam

0% =95%
Percentage compensation

10
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On Resonance

= Electron Cyclotron Resonance (ECR) Sources

Suppressor Electrode )
Emittance of Real Beams
Plasma Electrode Suppression Electrode
Ground Electrode
Halo Effect
- Plasma boundary
o - Fringe fields
Particles of opposite charge to
the beam reflected by the
Suppression Electrode
Extracted Beam . . .
How big is this
beam?
V (k)
95% emittance
- rms emittance
rosirons [N Particles and Sources
. g
Photons
Brlghtness . Neutrinos
Protons g e nr
U Muons « i . Antiprotons Neurrong
Neutral
particles
Negative
ions t ‘Ho
Highly charged ions -
H;ggs
Bosons
T . Fully stripped nuclei = : jositie
Be careful- Some definitions include factors of 2, 8 and 1t Y g v 1P ZZ’(‘:Z?:: Tau:n”s”f"””””"”‘
. . w+2
Are the emittances normalised? 1 Mesons  gosons
Exotic nuclei ﬁ e.g. Lrio e
positons — Particles and Sources
. e
Microwave lon Sources
Microwave
discharge
Off Resonance
= Microwave Discharge lon Sources

.
Protons

Photons
Neutrinos
. e’u’r
Antiprotons
M Muons « - * Neurrong
Neutral
particles
Negative
ions

\ﬁ’ ‘o

Highly charged io
e.

ns
g. &
Ag32 0
Higgs
Bosons
Fully stripped ";flej ¢ 7 Polarised Zoo of curiosities
eg.U particles Tauons W+2z
. Mesons  gosons
Exotic nuclei 'ﬁ e.g. Lrio* "
DanEaircloth CAS 201
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Solenoids
Plasma Chamber

Microwave Discharge lon Source

Gas Feed

RFin E—\l—‘——_._

High YOltage Insulators

Discharge Region

Stepped RF
Matching Section

S
=100 mm

Electrode

Ground
Electrode
Electrode syppressor

Sophisticated Extraction System

Positrons

e

SILHI Microwave Source

Y

CEA Saclay
Late 1990s

140 mA DC protons
For one year!

Rafael Gobin
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Electrons

e

.
Protons

% Muons « o

Negative

ions
Vacuum

arc

Highly charged ions

Particles and Sources

Photons
Neutrinos
eVu’r
Neutrons
n
Neutral
particles

Antiprotons
B

1= Higgs
€ Bosons
Fully stripped nuclei ‘5 Polarised Zoo of curiosities

e.g. U particles Tauons W+2

H Mesons  gosons

E R Exotic nuclei % e.g. Lrio "
EZT L sy vt sueos Dag 2ot CAS 201
Lawrence Berkley
Vacuum Arc lon Sources
1980s - lan Brown and others

Trigger

Expansion
Electrode

Extraction
Aperture

High Voltage
Insulators

Lab MEVVA

‘Eeam
. Suppressor
Solenoid =50 mm Electrode Ground
Electrode fis
15 mA of U* ions

12
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Positrons f
ons s Particles and Sources
e Photons
) Nigngs Laser lon Sources
oo M Antiprotons eTnrT _ »
Mi Muons « I~ o 2 Neutronrsl Plasma Target Expansion High Voltage  gyppressor
Neutral Plume Chamber ~ Region  Extraction Insulators  glectrode
particles Target Aperture
Negative &
ions o
Vacuum

Beam
-
Highly charged ions
e.g. O Ground
32+ s
Ag — Target Electrode
Higgs Rotation =200 mm
Bosons Mechanism ~ Laser Beam
Fully stripped nguzclei T Polarised Zoo of curiosities Focusing Optics nglt\a::\:/er
eg.U particles Tauons w+z
(s Mesons  gosons 1-100 Joules per pulse!
Exotic nuclei ﬁ e.g. Lrio3+ Baryons
DanEaircloth CAS 201

ITEP Laser source at CERN

ITEP Laser source at CERN

Posions  eieerons POItiClESs and Sources
e
TWAC at ITEP Moscow o
. Neu{lrm\(/Js
. T
Protons U Muons - i B Antiprotons eNe‘:ltmnrs]
Neutral
7 mA, 10 ps pulses of C** p:rurizr:Zes
Negative s
ions

Very Recently

&

Masahiro Okamura, BNL and RIKEN demonstrated
Direct Plasma Injection into an RFQ,

ighly charged ions
eg.
Agib

Electron
Cyclotron
Resonance

Higgs
Bosons
Fully stripped ngu;lei 4 7 Polarised oo of curiosities
'% eg.U particles Tauons W+2z
H Mesons  gosons
Exotic nuclei @ e.g. Lrio* "
DanFaicloth CAS 201
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Microwave Discharge lon Source

Solenoids

Plasma Chamber
High YOltage Insulators

Gas Feed
RFin E—\l—‘——_._ am

Discharge Region

Stepped RF

Matching Section Ground
Plasma
T e— Electrode fectrode
~100 mm Suppressor
Electrode

ECR lon Source

A Super Conducting B

Plasma Chamber Solenoids

Gas Feed . ‘
Rein [ ——
—

ECR Surface

Stepped RF

High YOltage Insulators

Hexaﬁpole

Matching Section Ground Magnet?ic Field
Electrode ;
[ .
~100 mm . Electrode Suppressor - :
A Electrode Fj \g}' B
Section on B-B Section on A-A

ECR Surface

Rein (L ——
>

ECR Surface

e B 2.45 GHz

commonly used
WECR = 2T fgcr = ooy

28 GHz superconducting VENUS ECR
lL-l ."‘ il — Daniela Leitner

Late 2000s

200 epA U3* jons
4.9 epA U*"* jons

VENUS ECR K Coyocontrs,

HTc Leads

Superconduciing
Coil Structure

Solenoid Lens

Extraction Tank

with

Movabie Extraction System

Injaction Tank,
18GHz and 28GHz Waveguides,
2000 deqC High Temp. Oven

=

< Beam Direction
S ]
N |-| Turbo Pump
) 5

P

~

S [

Support Struts
l?ﬂ

B

i

Positrons Particles and Sources

‘et Electrons

€ Photons
R Neutrinos
Protons Antiprotons ehT
HE Muons « I~ » Neutrons
Neutral
particles

Negative
ions

3
¢

Highly charged ions
e.g. =
Ag32* O

Higgs

Bosons
Fully stripped nuclei f 7 Polarised oo of curiosities
‘% eg. Uz, particles Tauons W+2z
beam [ Mesons  gosons

Baryons
Exotic nuclei ﬁ e.g.Lrio

DanFaircloth CAS 201
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Electron Beam lon Sources

Electron Gun  ElectronBeam  prift Tybes  Superconducting Solenoid

Magnetic
Shielding

. Electron

e e— - 7l
T ———

Extraction
Electrode

\_' lonisation Chamber
Drift

TubeV ,—\
Trapping and lonisation Phase \

il

Electron Beam lon Sources

Electron Beam  pyift Tubes Superconducting Solenoid

Electron Gun Magnetic

Shielding

. Electron
Dump

Extraction
Electrode

lonisation Chamber

Positive lon Beam
Drift

High Charge State

TubeV

Jim Alessi BNL

1.7 emA, 10 ps, 5 Hz
Ag3%* ions

Positrons
et Electrons

e

Particles and Sources

Photons
Neutrinos
e V“ Ve

o
Protons

Antiprotons
M Muons « I~ . Neurrong

Neutral
particles

\;” Ho

Highly charged ions

Higgs

Bosons
Fully stripped nuclei 4 b’ Polarised Zoo of curiosities
egLE particles Tauons W+2
H Mesons  gosons
Exotic nuclei ﬁ e.g. Lrio3 Baryons
DanEaircloth CAS 201

Negative lon Sources

Ripping 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 a much larger cross section than H°
30 times for e collisions
100 times for H* collisions
H-are very fragile!

Applications

Tandem accelerators Cyclotron extraction

anacuen [y
£ g

Beam
™ Nk

H (%)
m very little)

£
H- from Linac

15
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Off Axis Duoplasmatron Extraction

Off Axis Duoplasmatron Extraction

] 1960’s George Lawrence

Los Alamos

Displacement l
ST

Off Axis Duoplasmatron Extraction

Negative lon Extraction

300 4 70
s\ S “ ;
S \ - 3 .
3 2000 H" Current * ; s Electrons will also be extracted
] 40 § $ .
g sl N & Up to 1000 times the H- current!
20 O W E “ Use a magnetic field
2 5 0 Dump must be properly designed
0 0
0 02 04 06 08 1 12 14 16 18 2 22 .
Displacement (mm) Electron Dy Best sources:
only 0.5 times H™ current
POSHIONS  Elcrons Particles and Sources
@ Photons G. |. Dimov, Yuri Belchenko , Vadim Dudnikov
Neutrinos . .
Protons ] i — e VuVe Early 1970’s Budker Institute of Nuclear Physics
He Muons « I o Neutrons
Neutral
particles

\f ‘o

Surface plasma

Highly charged ions
e.g.

Agi}A
Higgs S S,
Bosons
Fully stripped nuclei s Polarised Zoo of curiosities Production of H-ions by surface ionisation with the addition of ceasium
i 92
% eg. U particles Tauons  w+z
» F,'_ Mesons  gosons
Exotic nuclei '@ e.g.Lro "
DanEaircloth CAS 201
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Periodic Table of the Elements

# hydragan

 paor rotal
alkeli metels O numnetals

© alkell vorth mezals W noble goses

W transition metals  rare earch metals

o 5] 3] 2] W i
COPI‘MFmSmEIIGdTbDﬂHnE'I‘mYb
w| i & | 00

Th {Pa| U |Np [ Pu|Am |Cm|Bk Ui”lﬁ Fm| Md| No| Lr

Caesium Coverage

Control caesium oven temperature to

Pure mO'V";d:““m vary caesium vapour pressure to
_ control caesium coverage
>
2 Pure 005 ST
c . 5 o ]
-S Caesium 2 Zz 3 e | Log Scale
g - £ £
g 2.1 g 002 § LOE03 +
2 2 o001 4
~ @ o B
B 1-5 E o 100 120 140 160 180 200 e L 100 120 140 160 180 200
; Cs Oven Temperature (Degrees C) Cs Oven Temperature (Degrees C)
0.6 1
Cs Thickness (monolayers)
POSHONS  Elecrons Particles and Sources
Photons Magnetron Source
Neutrinos
U Muons « u . Antiprotons ENE’; tr;ns Anode Hydrogen Hydrogen
n Q Cathode Anode @ Cathode
Neutral .

particles

K »

Negative
ions

Penning
and Surface plasma
Magnetron

Highly charged ions
e.g.

Ag32* 0
Higgs
Bosons
Fullystrippednguzflei +g Polarised Zo0 of curiosities
eg.U particles Tauons W+2Z
H Mesons  gosons
Exotic nuclei ﬁ e.g.Lri* "

DanFaircloth CAS 201

Caesium
Vapour

Extraction
Electrode

H-Beam

Electrons 3 Bearti
. -

~ -
Extraction | K: Magnetic Pole
D@ Electrode Pieces

=10 mm

17
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Fermilab Magnetron

80 mA of H™ but only
at low duty cycles <
0.5%

Penning lon Sources

* Invented by Dudnikov in the 1970’s
* Very high current density > 1 Acm?
* Low noise

* Does not work without ceasium

Negative lon
Beam Extraction Electrode
Penning Pole Aperture /
Pieces Plate Discharge Region

Hollow Anode
Source Body
Cathode

Mica

Mounting Flange / L 10mm

Water Cooling Channels

Negative lon Beam

+17 kV Extraction
Voltage

Caesium Vapour
Heated Transport
Line

50 A Discharge
Caesium
Oven

Piezo Hydrogen Valve

H,

Negative lon Beam

+17 kV Extraction
Voltage

Caesium Vapour
Heated Transport
Line

50 A Discharge
Caesium
Oven

Source Runs at
50 Hz
Rep Rate

Piezo Hydrogen Valve

H,

18
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Cathode Hollow Anode Heated Caesium

Transport Line

Hyd roge_n Feed

Aperture Plate

Extraction Mount

Extraction
Electrode

POSHIOnS  otrons Particles and Sources
e Photons

Neutrinos

e V[,l Ve

Antiprotons
HE Muons « - . Neutrons

Neutral
particles

Higgs
Bosons
Polarised 2Zoo of curiosities
particles Tauons W+2z
H Mesons

Baryons
Exotic nuclei ﬁ e.g. Lrio

Fully stripped nuclei i
e.g. U9+ 4

Bosons

DanFaircloth CAS 201

Filament Cathode Multicusp
Surface Converter Source

sur Heated
urtace Filament

Anode
Converter Cathode
Electrode

Hydrogen [——
Feed

Outlet
Aperture

Multicusp )
Magnets ﬁ oo 100 mm Multicusp

Magnets

Filament

Convertel
electrode

Repeller
electrode

Cesium
dispense

Hydrogen
Gas Port

Plasma
Chamber
Wall
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Third

Filament

Positrons
- ot

Standard

Filament

Standard

Electrons

Particles and Sources
pd

«
Protons

Photons

i Muons « o

Neutrinos

Antiprotons eTnoT
B

11/5/2012

Filamen

Neutral
particles

\W’ ‘Ho

Neutrons
n

Highly charged ions
e.g. o=
Ag324 O
Higgs
Bosons
-l |\ Vel
With multiple filaments: : ,.‘,5 Mesons B%/s;:s
1AofH™ Exotic nuclei % e.g.Lrio "
Positons  pectrons  POItICIES and Sources
Volume Production ¢
. Neutrinos
g e’u’r
Protons U Muons - i . Antiprotons Neurrong
* — Neutral
HZ + e (Sl EV) 9 H + HO particles
Marthe Bacal Dissociative attachment
Ecole Polytechnique
mid 1970’s

of low energy electrons
to rovibrationally excited
H, molecules

Highly charged ions

Cw

Cathode

Filament

Plasma Chamber

%
N ’ ; .
Anode Electron  Plasma Chamber | —
| Filter Dump i D@)
[ B :
=100 mm AMagnets

B
Section on B-B

Section on A-A
Many Variations: e.g. JPARC use a LaB4 cathode

s
Bosons
Fully stripped nuclei ' Polarised 200 of curiosities
ﬁe.g. e= particles Tauons W+2z
o Mesons  gosons
Exotic nuclei 'ﬁ e.g. Lriod Baryons
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Positrons Particles and Sources
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Ion source
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Extraction
Electrode

~“Beam
RF Power -
Supply

50 kw

N i
: Anode Electron  Plasma Chamber (5
! Filter Dump \/]Q}/

B

Section on B-B Section on A-A

Window for
laser ignition .__

Gas supply -

38 mA H" 1 ms, 60 Hz

RF antenna Fiter magnets  Qutler electode  Bxaracior

External RF Antenna Multicusp Source

A B

Multicusp Magnets ! External Antenna
' |Solenoid External Antenna | Multicusp
Ignition ! Solenoid ! Magnets
Element Filter  Extraction

Somn M. t
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Section on B-B Section on A-A
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Jens Peters
Late 1990s
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Positrons

g Particles and Sources

Electrons
P

Plasmatrons

Plasma
+ other

Photons
Neutrinos

Microwave | £, 5 ons . e Vu Ve
discharge 1JE Muons - I . Antiprotons Neutrons
n
particles
Negative g
ions o ( ‘Ho
Vacuum Penning | A
arc Laser plasma o and Surface plasm: I Facilities
Highly charged ion:
2" eg. ISurfaceconverterI
Electron Ag - O,
Cyclotron Fllan:‘ent i L
Resonance ‘;‘F olume Higgs
Bosons

Fully stripped nuclei

Electron e@ e.g. Uz,
beam

Zoo of curiosities

Polarised
| particles

Tauons wW+2
Mesons
Baryons

Bosons

Exotic nuclel ﬁ e.g. Lri®*

Which Source?

* Type of particle

* Current, duty cycle, emittance
* Lifetime

* Expertise available

* Money available

* Space available

Reliability —is King!

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

* Ideally 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

power supplies

Everything Else!

cooling water

hydrogen
human error ydrog! vacuum systems
compressed air
temperature high voltage supplics
controllers power supplies
control systems
mains power
personnel material purity laser systems
interlocks

Developing Sources

Driven by demand for
— Increases in current, duty cycle and lifetime
— Improvements in beam quality

Development strategy
* Simulations
* Test stands
* Diagnostics

The Development Cycle

Hardware

Experiments Simulations
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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
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