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Introduction to Electron Sources
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» Thermionic electron sources

» Field Emission electron sources

» Photo Emission electron sources

» Secondary Emission Electron source
» FerroElectric GUN
» RF GUN
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Work Function of electrons in metals (reminder)

» The Work Function W is the minimum energy needed to remove an electron
from a solid to a point immediately outside the solid surface

Free Electrons Place of Nucler in the lattice
Outside metal | | |
_______________ _ : ———————
Bound Electrons N ] SR — — = — — - Er
in Metal ' Fermi Energy

Conduction band

Valence band

Y

W Binding energies of electrons in a metal

Drawing Extracted from : J.Arianer lectures

» Inametal, some electrons are populating the Conduction Band

» The minimum binding energy of electrons in metal corresponds to the
Fermi Energy: W=£,
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Work Function of electrons in metals (wikipedia)

Units: eV electron Volts
reference: CRC handbook on Chemistry and Physics version 2008, p. 12-114.
Note: Work function can change for crystalline elements based upon the orientation.

Element eV Element eV Element eV Element eV Element eV

Ag: 4.52-4.74 Al:|4.06-4.26 As:|3.75 Au:|5.1-5.47 B: ~4.45
Ba:|2.52-2.7 Be:(4.98 Bi:|4.34 C:|~5 Ca: 2.87 ,
Cd: 4.08 Ce:|2.9 Co:|5 Cr:|4.5 M’”
Cu: 4.53-5.10 Eu:(2.5 Fe: 4.67-4.81 Ga:[4.32 Gd: 2.90
Hf: 3.9 Hg: 4.475 In:|4.09 Ir:| 5.00-5.67 K: 2.29
La: 4 Li:|2.93 Lu:|~3.3 Mg:| 3.66 Mn: 4.1
Mo: 4.36-4.95 Na:|2.36 Nb: | 3.95-4.87 Nd: | 3.2 Ni: 5.04-5.35
Max

Pb:|4.25 Pd:|5.22-5.6 Pt: 5.12-5.93 Rb: 2.261
Re: 4.72 Rh: 4.98 Ru: | 4.71 Sb:|4.55-4.7 Sc: 3.5
Se:|5.9 Si:|4.60-4.85 om:|2.7 Sn: | 4.42 Sr: ~2.59
Ta: 4.00-4.80 Th:|3.00 Te:|4.95 Th:|3.4 Ti: 4.33
TI:|~3.84 U:|3.63-3.90 V:|4.3 W:|4.32-5.22 Y: 3.1

Yb: | 2.60 12 Zn:3.63-4.9 Zr:|4.05
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Dipolar effect near to a Metallic Surface (1/2)

» The Charge Image

0 When an electron (-¢g charge) is extracted from a metal, a ¢ image
charge (hole) is created in the metal that screens exactly the electric
field generated by the electron at the metal surface (at x=0)

0 The Electric Field £(x)generated by the charge image (hole) acting on
the electron is:

E(x) tq 1 X
X)) =
Atre, (2x)% _q 4
: o vacuum e A
0 This electric field tends to attract back (e e (o s

the electron toward the metal

0 The Associated potential energy V. (x)is:  peta/
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Dipole effect near to a Metallic Surface (2/2)

» Resulting potential plot near to a metallic surface due to the
charge image is V(x)=W-V (x)

» The electron should be extracted with an energy E>XW=q.¢p

working function

Evolution of the electron potential outside
The metal

METAL vacuum
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Thermionic Emission of electrons (1/3)

» The first way to extract electrons is to heat the metal to high
temperature T

0 When the metal is heated, the thermal vibrational energy of electrons can
excess the Work Function : kT > e.@

» The thermionic emission is the resulting flow of electrons extracted
from the heated metal

» Application of a negative voltage (weak E field) helps electron
extraction from the metal surface

0 A =P _ (WeakB)X
| / Thermionic emission
Heat
(k 77 /\/\/L::‘I-‘P
E
J Z:Z : : : /! { : : : Adapté de L. Reimer,
Metal Yacuum Image formatiop in
low-voltage SEM
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Current density from Thermionic Emission (2/3)

The Thermionic emission flow is ruled by the Richardson-Dushman
equation

4

0 J current density (A/cm2) ] = AT?e’kT

0 A Richardson constant k2

0 W =q.¢ work function A=—""C = 120173 x 10° Am™>

h3
Order of magnitudes :

o Wolfram: W, ~45eV; Tw~2700 K — J~10 A/cm?
(0) L036 . WL086~2'4 eV . TL086~2100 K — JN].OZ A/sz

® BalSr0 BaO:157 GV

Ba on W

¢ laBs G LaB6:2.66 eV

¥V Thonw

Ta

+ w e W=453¢V

28 ¥ ]
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800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 Extracted from : J. Arianer lectures
Temperature (°K)
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Example of a Thermionic Electron Gun

cathode

Heated
Filament
-95 kV

Focusing
electrode
-10 kV
(Weinhelt)

Extraction

electrode
0 kV

Electronic Microscope source

vo'Rwibeam
~V/5-0.5kV
Iheat R,
Wehnelt <+
Vo i
~1 ﬂkv v beam
iIl @
'S
Cross-over
Anode L

Extracted from : Microscopie Electronigue 06/07, philippe.buffat@epfl.ch

Filament
Lifetime ~ 10 to 1000 h
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High intensity Thermionic Electron gun

Dependling on the design:
Currents from vA to ~100 A

cathodes damaged
by sputtering (see later)

Example of cathodes

Spherical cathod

isolation

PIERCE GUN

Cross-cwer/

r"!'l-!"".

#
i

—

Extracted from : J.Arianer lectures
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The Schottky Effect (1/2)

» Schottky effect : reduction of the
electron work function when an

external electric field E is applied T 2 ?
0 Potential energy for £: V(x)--E.x \"':\b_ L B S
0 New total potential VS(X) /f""
7 LI
qVs(x) = qp — Tomeox qE. x Wao | 7
0 Location of the optimum in x,:
q - B AP
Xm = 167meyE vacuum
0 And the reduced working function qVg,, is:
. q3E
qVsm = qp — W with OW = 2qE.xp, = Ime

» Schottky effect is usually of second order :
0 E =10 kV/cm => 38W=30 meV
0 E =100 kV/cm => dW=100 meV
o0 Effect valid up to E~I MV/cm =>8W=0,3 eV
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Schottky Emission of Electrons (2/2)

» Corrected Richardson-Dushman equation in presence of an
externally applied medium electric field (Schottky emission)
» The Thermionic emission is enhanced thanks to the Work function
decrease dW
—(W=8W)

J(E,T,W) = AT?¢ kT

Er /‘7277 o
Adapté de L. Reimer,

Metal Vacuum Image formation in
low-voltage SEM
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Field Electron Emission

» In the presence of a very strong electric field (E~10 MV/cm) , the working
barrier is thin enough to allow electron emission through Tunnel Effect

» The associated emission is ruled by the Fowler-Nordheim theory
» Itisa cold cathod emission => no metal heating is required

k,E? _(M) ky = 1.4 1075(SI)

~ e E .
® ky, = 6.87 107(SI)
> J~100 A/cm?
0— — — —— A - _ (weakElx
e Thermionic emission
\ ~
' Schottky — Emission
Sy N—— |
. W — 6w
Field remiakd BN
Em/SS/bﬂ ................................................. >:: '.: o
: FE =Emission
(cold cathode) || Tunnel effect :
E
g 7//////// Adapté de L.Reimer,
Met ul VYacuum Image formation in Adapted from :
low-voltage SEM Microscopie Electronique 06/07,
philippe.buffat@epfl.ch
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Field Emission Electron Source (electronic microscopy)

Example of a spike that concentrates the Electric field ( Electrostatic Point effect (Cor‘ona)\

The lower the radius of the tip, the higher the electric field

(from J. Goldstein, Scanning electron microscopy)

v Extraction

spike
.. \(f p -y }_
T 0 ________________—_LQ}I}]I]]
\Q = “?ﬂ% = 20mm
Insulator | N ) K
- £ L

/

Focalisation from Reimer Scanning Electron Mlcroscopy

Extracted from : Microscopie Electronigue 06/07, philippe.buffat@epfl.ch
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Field Emission Array GUN

» Built on Si base substrate, using semi-conductor technology

0 Generation of large surface of Field emission array
0 At PSI: 50000 Mo spikes (tips) on a @ 1 mm disk
0 Requires ultra high vacuum level

METAL METAL GATE Sﬁz MELECTRIC
TPs FiLM
_’.I1 x: |4_ ¢
BZZ
~3dum
AN ‘f
SILICON BASE

1106261

50 mA

: Fay
—o—oeole
o —=—DC =
—eo—Pulsed

s

E | ] — B r-_;
40| - e
¥ »
X :
50 100 150
V. V]
Extracted from : J.Arianer lectures I-V curves in DC and pulsed regime for a Mo-tip FEA

T.Thuillier, TUAS 2012, Particle Sources - Electron Sources I/14



Photoelectric Effect

» The energy to emit an electron is given by a photon

0 A photocathode is a negatively charged electrode coated with a
photosensitive compound. When it is struck by a photon, the
absorbed energy causes electron emission due to the

7

photoelectric effect.
0 A photocathode is usually composed of alkali metals with very

©0_ 06
@

low work functions (e.g. Cesium). 1

— 2
/ hv _/‘W + E mv Electron kinetic enerqy
Photon energy W=Work function of photocathode

1234
ﬂ’[nm] — W—
[eV]

, ] w Material AFE [eV] A [nm)
 fermi . _ [ ------- L CsySb 1-J5V] 6[40 ]
- K,CsSb 1.8 700
Na,KSb:Cs 1.4 890
GaAs:Cs,0 135 930
Semi-
conductor Photocathodes
/. vacuum Quantum efficiencies

5 - (semi conductors)

H

Extracted from : J.Arianer lectures
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Photoemission Enhancement from GaAs with Cs or Cs-X coating

Bare GaAs surface; Alkali (Cs) coating Cesium + Oxidant (O or NF3) '
Large work function. reduces work function. “Negative Electron Affinity".
No electrons Some electrons. Many electrons
| 3T TEw

N Y
3 ' Coating is Very fragil
Conductlon N oating is Very fragile.
: Band ] E.~0 E <O Any chemical contamination
S can damage it
= N => Excellent ultra high
'g ' vacuum level is necessary
5 R/
Band bending™ i |
effect z A
Voc GoAs CsVoc GoAs Cs,O Vac
Extracted from slides :
e K ~ J. Grames, JLab, USA
Electron Affinity” . E a >0 E q ~ 0] E a <0 N, Nishimors, JAEA, Japan

“In solids, the Electron Affinity is the enerqy difference between the vacuum energy and the conduction

band minimum.

“Band bending refers to the local change in energy of electrons at a semiconductor junction due to space

charge effects. The degree of band bending between two layers depends on the relative Fermi levels and
carrier concentrations of the materials forming the junction.
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Example of a Photocathode DC GUN (JAEA-ERL)

s all the electrodes
are made of Titanium.

40 mm |
< :M 40 (|)
1 mm /
N P
e-beam
Photo -

cathode
\ laser
; H

anode

cathode holder

The electric field is 5 MV/m.

Goal is 50 mA DC beam

Slide is from : N. Nishimori, JAEA, Japan
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Toward polarized beam : Optical Pumping of GaAs

Optical pumping between P, , and S, ,

+
Circularly polarized Laser : O or O

Conduction R A
ek S1/2\._Z____ E J

P v
Valence ' N
band /l:\ e 12+l 1o

p — Piro

1/2 g2 142

Photon energy (excess of...) Polarization Ratio of the electron beam

v
/ 3.
E9°p< ETY ‘ E9°p+A Pe:—g-'_]]: = +/- 50%

hC / }\‘ Slide is from : J. Grames, JLab, USA
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High Polarization e- Gun : Optical Pumping of strained GaAs

Split degeneracy of P3/,
& optical pumping between B ;5 and S /2

m=-1/2 +1/2
Swz I
+ ;
F’3 12 my=-8/2 32
42 +142
theoritical

l
Pe=

Experimentaly ~857%

Complicated semiconductor elaboration

Strained GaAs

GaAs 1-x Px x=0.29

GaAs Py 0<x<0.29

p-type GaAs
substrate

+/- 100%, with E

<EY<E

gap+o

Slide is from : J. Grames, JLab, USA
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Photocathodes at Jlab, USA

3" wafer cleaved into square photocathodes (15.5 mm) for mounting
on a "stalk” using In and Ta cup.

L o+

3 “wafer cut into square photocathodes Stalk for supporting 1 Photocathode

Slide is from : J. Grames, JLab, USA
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Present JLab polarized gun design (USA)

—]Anode Cathode Ceramic
— (0V)  (GaAs) Insulator
Laser | | | s Del [ MELbe.
beam
LLLLL e e S
e
Direct Injection
| for Online Coating KIS
NEG coated = e
beampipe ’

Non evaporable getter pumps (NE%)

4,000 liter/s pump speed = ~410™*° mbar

Mandatory to prevent Photocathode early aging

slide adapted from: J. Grames, JLab, USA
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Secondary Electron Emission

Emission of electrons from matter induced by impinging ionizing

particles like :

0 Anincident electron
0 AnIon

0 A photon

Primary electrons

' Sample
' Current

No Inelastic

Elastic diffusion interaction diffusion

o~
Transmitted Electrons

slide adapted from: J. Arianer

Backscattered electrons

Auger Electrons

secondary electrons

NOORAWN=

Area of emission of specific
Interactions in matter

5

7 > . A

Impinging electron

Auger electrons

Secondary electrons
Backscattered electrons
Characteristic X-rays
Continuous spectrum of X-rays
Fluorecence X rays

For a 40 keV incident electron beam

de
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Secondary Electron Emission Yield

Kinetic ejection condition
Ep > Wma‘r‘rer

15k

NeS secondary

Pr
Au
NI
Mo
[ At
K

SE Yield: (0=

Cs

05}

O=f(Ep, matter)

0+ some 103 y
likely | ED (eV)
0= some 10 °

=> Secondary Electron Emission can be used as an electron current amplifier

slide adapted from: J. Arianer
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SEMIG : Secondary Emission Magnetron Injection Gun

SEMIG

Power e-beam

Next 5 slides see: S.A.Cherenshchikov, A.N.Dovbnya, A.N.Opanasenko,National Science Center,
Institute of Physics & Technology, Kharkiv, 310108 Ukraine.

solenoid

cathode

anode

—

The schematic image of the gun B
The set of cathodes
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SEMIG : Beam Ignition

SEMIG

Electron trajectories

11
[11

-~ N W A O ® N ® © O
[P TP (U TP TR R TR BRI S
e

o

0 1 2 3 4 5 6 7 8 9 10 11
Time (relative units)

Secondary emission multiplication Gun voltage and beam current dependence
on fime
I. Voltage application (V=f(time))

II. Secondary emission multiplication

ITT. Self-support secondary emission
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SEMIG : electron pulses

Power e-beam

current pulse o

0
10
20+
=
30
o ﬂ _ ’rage_p_ls_ :
<\ il '
ol ¥ | SEMIG ignition  Magnetic field 0.202 T
0 50 100 1'5{:;26:0 250 300 350 400 et lvecks aliamata 14 mm
ns Anode diameter 30 mm
Cold-cathode magnetron ignition Repetition frequency 3Hz
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SEMIG : beam size

Power e-beam

Beam Cross-Section in X-rays

beam size D=1 cm
current I=10 A,
energy 40 keV.

Gun end in scale
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TG : dimensi

Life time isup to 5000h
‘Current density is 50 A/cm?

s ol - o'y t‘ # t:;. B
Pl TR O
. ot 0 L R ‘:"

‘--}t -

A secondary emission 3-mm magnetron with a platinum cathode
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Ferroelectric Emission

R&D in labs
no contamination

...-__6—-—-—-‘|-~.'
o °i low cost, low vacuum &
. O simple Technology .
)
° | J>100A.cm™
L _J ! - |
Tt @ 5@ 6em
e Grid
electrode Ancde
.\\.
Uniform Electron
SE 4 electrode beam
- + o ..
SH
po [f<== L 7T
- +fe ! AccW 1k\££ - -—
- a2 7 3MHz
- FE + =} 4 //.. 515
L Accelerating
. § Ferrolelectnc power supply i—,ql-,—
’g + -lo - 4 sample | S I — — I
. e Focusing solencid
Nt P =0 = Metal grid Teflon isclators
o [, =>_|,
o - P,
N L+ o 4
-+ FE -lo - .
o Pb,La,Zr,Ti (PZLT)
Principle of FE space-charge emission after a polariza- 7
tion change. a) Emission of conduction electrons from a metal £ C@/"'G/TI/C Faafed on both face
(W = work function, CB = conduction band). b) Neutraliza- With thin metal /aye/"
tion of FE by screening electrons (SE) and holes (SH). ¢)
Emission from FE after P, reversal and neutralization by BehaV/bUF aﬂd fheor'
injected electrons (IE). . / y
/—/ysfe,-es/:s' /oop of still under S'fUdy /
ferroelectric material
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FerroElectric Emission GUN

Penetrating electric

= field falternating)
= Efectrodes
e _ I Accelerating electric field
=N ' (constant)
b HV pulse
: S
Diriving VR Anode

B pulse Ferroelectric sample
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Radio Frequency Guns

The electron Gun is directly coupled to a RF Cavity
0 compact solution to accelerate directly above MeV Energies
0 higher currents are reachabme

0 Can be used with many kind of electron GUN RF cavity

Rossendorf 3 cell Supercon. RF gun prototype

@ K® ® @ Gun

LA TH
A

A 3 GHz thermionic RF gun has been designed.
It will produce a 2.3 MeV electron beam with
bunch charge up to 0.2 nC (600 mA) at 10 pmm
mRad normalised emittance.

<4—Beamline Preparation Chamber —p

(1) Niobium Cavity (5) Ceramic Insulation
(2) Choke Flange Filter (6) Thermal Insulation
(3) Cooling Insert (7) 3 Stage Coaxial Filter
(4) Liquid Nitrogen Tube (8) Cathode Stem

D.Janssen et al.,, NIM A507(2003)314.
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Aging of cathodes by Sputtering Effect

» The electron beam ionizes partially the residual gas under vacuum

» The negative biased voltage of the gun cathode accelerates ions toward
its surface

» The ion bombardement sputters atoms from the lattice and dig holes
» Sputtering is also preseted in Ion Source course

Residual gas I
/onization
cathode Invacuum

./, anode
. Ar-GUN
.\’ -'.'O
4 &
¢ O g
chofl:;k? - P5:° = ¢
jz‘,es)e a .?o“ : o:

Cathode bombardment : _

Atoms are expelled out the lattice SAMPLE
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