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Physical process:
extracting electrons
In this first part of the lecture we will see what

are the conditions to be met to extract electrons
from a metal.
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Physical process:
Electrons in metal

* Electrons are readily available in
metals.

* Eg: Copper:
- 29 electrons/atom,
-9g/cm3 =>0,14mol/cm3
=> 2. x10%* electrons/cm?

e However theses electrons are
‘trapped’ in the metals.
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Electrons in metal:
energy levels

* |n afree atom the
electrons are located
on orbits of increasing
energy around the
nucleus.

* In asolid, these orbits
are replaced by the
conduction band and
the valence band.

g

Electron energy

metal semiconductor insulatar
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Extracting electrons from metal

Band structure
Metal Semiconductor Insulator

* The energy needed to ‘ _ -
free the electron from &

a solid is called “Work Chel
function”.

e This work function is
different for each Eyecumne -
material.

o States filled
9 with electrons

Forbidden band

(Band gap)
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Work function

The work function (W) is the

minimum thermodynamic work LN 4
needed to remove an electron (L 6¢ EF
from a solid to a point in the

vacuum immediately.

E_F: Fermi energy (energy of the

A
electrons at equilibrium). —J

¢ electrostatic potential.

This depends on the i
configuration of the atoms on .
the surface so the same - i =
chemical element with different '

crystalline configuration will

have different work function.

Wiy Wi

FEnersy
Lo Y




Work function for
different materials

 Values of work
functions are
tabulated.

Source: wikipedia
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Work function of elements, in units of electron volt

Ag
Au
Be
Ca
Co
Cu
Ga
Hg
K
Lu
Mo
Nd
Pb
Hb
Hu
Se
Sn
Tb
Ti
v
¥Yb

4,26 - 4.74
5.1 —5.47
4.98

2.87

5

4,53 - 5.10
4,32

4.475

2.29

~3.3
4,36 — 4.95
3.2

4.25

2.261

4,71

5.9

4,42

3.00

4.33

4.3

2.60 [17]

Al
B
Bi
Cd
Cr
Eu
Gd

La
Mg
Na

Ni

Pd
He
Sb

Si
Sr
Te
Tl

£n

(eV).

406-4.26 As
~4.45 Ba
4.31 C
4.08 Ce
4.5 Cs
2.5 Fe:
2.90 Hf
4.09 Ir
3.5 Li
3.66 Mn
2.36 Nb
5.04 -5.35 | Os
5.22-5.6 Pt
4.72 RHh
455-47 Sc
4.60—-4.85  Sm
~2.59 Ta
4.95 Th
~3.84 U
432 -5.22 Y
3.63-4.9 Zr

3.75
2.52-2.7
~S

2.9

2.14
4.67 - 4.81
3.9
5.00 - 5.67
2.9

4.1
3.95 - 4.87
5.93
5.12-5.83
4.98

3.5

2.7
4.00 - 4.80
3.4
3.63-3.80
3.1

4.05



Quizz

* Please connect to the quizz...
e http://www.kahoot.it



Quizz

* Copper has a work function between 4.53 eV and
5.10 eV.

* What is the wavelength of a photon with an
energy of 5 eV?

(a) 250 mm

(b) 250 um (micrometers) he

(c) 250 nm i

(d) 250 A (Angstrom) A
e Reminder: ¢=3.10%m/s

h=6x103%).s
1eV=1.6 10-1°J



Answer (c)

Copper has a work function between 4.53 eV and 5.10 eV.

What is the wavelength of a photon with an energy of
5eV?

(a) 250 mm

(b) 250 um (micrometers) he
(c) 250 nm i
(d) 250 A (Angstrom) A
Reminder: ¢=3.108 m/s

h=6x1073%]).s
1eV=1.6 101°)

As a physicist, you need at least to remember the order of
magnitude a visible photon’s wavelength (2eV~620nm).



Fermi-Dirac statistics

e Electrons have a spin %2 so they are fermions
and follow the Fermi-Dirac statistics.

e Distribution (ni) of occupied states of energy
(Ei) [Sommerfeld 1927]: 1

SR e

e *BT 41

* E_F: Fermi energy, k_B Boltzmann constant



Fermi-Dirac statistics

at high energy
1 1 __Ey

A . mn\
n’l/ E’i,_EF E’i <

ENE B Y U S € 35

* At high energy the Fermi-Dirac statistics and
the Maxwell-Boltzmann statistics tend toward
the same value.

* To increase the number of electron in the high
energy levels you need to heat them!



Extracting electrons from matter

* To free the electrons you can give them more energy.
- This can be done by heating
=> Thermionic effect
- This can also be done with a laser
=> Photoelectric effects

* Or one can reduce the work function, for example with
a strong magnetic field => Schottky effect

E

E VACULM [~

States filled

D .
4% with electrons




Numerical application

FE -

Copper work function: W~5eV — Lo
K _B=8.6 10" eV.K*

=> T~60000K E, ~ kgT
In fact this would mean that o

all atoms emit an electron at -

0.0l

the same time.

- e e e e
L B R )

To get only some atoms to emit =
electrons a lower temperature is ,
acceptable. vt b

A significant thermionic
. 3 Fioure 3. Fermi-Ihrac energy distributions for the-rmjm?i-: em..ia-
em ISSIOn Sta rts at about ZSOOK. sion. Electrons in the high energy tail of the distribution (energies

greater than the work function) are thermally emitted for cathode
temperatures of 2500 (red-pink) and 3000 (blus-aqua) degK.

Energy{Feme Emvergy)



Density of states

for different temperatures

n,(EEgMn,
5 &
A

1w I© T=3000deghl 7
T=30begk

1 '1"_” B T=2500degk
! m‘IE ] | ln ] 1 1
1-1a
1 1.2 1.4 1.6 18
Energy{Fems Emvrgy)

Fioure 3. Fermi-IDhrac energy distributions for thermionic emis-
sion. Electrons in the high energy tail of the distribution (energies
greater than the work function) are thermally emitted for cathode
temperatures of 2500 (red-pink) and 3000 {(blue-aqua) degK.

Source:
D.H.Dowell, USPAS
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Extracting electrons...
Richardson’s law
e \WWe do not need all the %

atoms to emit electrons.

 We only want a certain
current.

* The current density
emitted (J) was studied in

] 2
1901 by Richardson. J = AgT?e *sT
Lambda_R: correction factor specific to a given Gk
material. AG = )\RAO
Armk?e

~1.2x10°Am 2K 2
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Richardson’s constant

Jo, Avem
e Richardson’s constant is 10t |-
still not completely 1021
understood. 104
 Theoretical value: oL AL L A o
1200mA.mm™ K
but it has to be
corrected for each Armk?e

material. Ag = 7



Numerical application

e W=5eV

W
e A=1200A m2K? Yo = AGTQe Bed

. K B=8.610"° eV.K1
e Cathode area: 1 cm? =100 mm?

T = 1200T26_8-6X150_5T X area

60000

J =1200T%e¢ "7 x 10°
T = 2500K => J = 28mA
T = 3000K => J = 2200mA




Nicolas Delerue, LAL Orsay

Transverse energy

A hotter cathode gives a larger
current.

However electrons above the
emission threshold will be
emitted with some kinetic
energy.

Some of this kinetic energy will
be converted in transverse
energy.

The product of the transverse
beam size by its transverse
energy at a waist is called
“transverse emittance”.

This will be discussed further
later.

Maxw ell Boltzm an Distribuion (aahp

=3

~ ~

-
116" 1-1n

114 1-1n Nl 0.1 1 10
Tramsverse Energy (e V)
= 300 degress Kk
2500 degrees Ik

Ficurge 4. Maxwell-Boltzmann electron energy distributions at
300 degK where the rms electron energy spread = 0.049 &V, and
at 2500 degK corresponding to an rms energy spread of 0.41 V.

Source:
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Quizz

Let’s consider two metals with
different work function.

Both metals are heated to the same
temperature so that they emit
electrons.

Which metal will emit the highest
current?

(a) Electron emission is independent
from the work function.

(b) The metal with the highest work
function emits more electrons.

(c) The metal with the lowest work
function emits more electrons.

Nicolas Delerue, LAL Orsay Electrons sources
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Answer (c)

by Ateml

e The metal with the lowest 10

work function emits more
electrons.

 The work function express
the work an electron has to
do to be emitted.

 The lower the work function
the more electrons will be 2 — %7
= B
emitted (at the same J = AgT"e
temperature).

10-2 .




Schottky emission

applied the barrier for electrons
to escape from the solid is
lowered.

=> The work function is reduced.

e |f the field exceeds 108V/m then
the electrons can also tunnel out
of the solid. _
=> Fowler-Nordheim tunneling !
(enhanced emission).

* This effect (under the name ®
“Edisson effect”) was used in old

diode tubes. C_ ) =)

No current

e’ I’
* When a strong electric field (F)is ~ A}/ =
—(2)—




Photoelectric emission

E
e Electrons can also

receive energy by <\ S hv

absorbing a photon.

 |f the energy of the
photon is sufficient
they will be emitted. / /

~,
e This is called ¢ %
6

photoelectric emission.




Wavelength for photoemission

* Remember: Ne &/L ®
- Copper work function: 5eV &1&1 ) /
- 2eV ~620nm hSh ./
or 5eV ~ 250nm. e e 7e
* The typical wavelength for
photoemission is in the ¢ o ¢ ‘
Ultraviolet, not in the visible. - |
* The photoelectric effect was e P
historically observed when a .l.
cathode was illuminated under
UV light and it started to spark.



Photo-electric emission

* A photon incident on a @5
material will transfer its I Vacuum level
energy to an electron 0
present in the metal.

Photon

* |f the energy of this
electron becomes bigger
than the work function of
the material, the electron
can be emitted.

* This is called photo-electric —F -
emission.

(image source:
Masao Kuriki, ILC school)



The 3 steps of
photo-electric emission

Photo-electric emission takes place in 3 steps:

1) Absorption of a photon by an electron inside the metal.
The energy transferred is proportional to the photon
energy.

2) Transport of the electron to the physical surface of the
metal. The electron may loose energy by
scattering during this process.

3) Electron emission (if Meial || Vacuum
the remaining energy is )
. 2)Electrons 3)Electrons
above the WO rk fU nCt|On,' g move to surface escape to vacuum
including Schottky effect) 3 N S A
Fermi absorbed ‘ dueI;:))t:;itllla(‘)llll:Ti:::‘i;ons
Energy
The efficiency of this process is R
occupied P ;:: w P

called “quantum efficiency”. occupie

states

Direction normal to surface



Quantum efficiency

* Not all incident photons
lead to the emission of an

electron. Metal || Vacuum
e Typical quantum & 1 2)Electronsf 3)Electrons
o ¢ . = move to surface escape to vacuum
efficiency is below a few S & =P ol —pe
percent, sometimes as s || due st eectrons
low as 10°>. e o
. o occupied Optical depth
e As the cathode is used its el -

states

surface will change and
the QE will decrease.

Direction normal to surface
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Typical cathode
materials

 The choice of material is a trade-off between several
parameters:
- quantum efficiency
- environmental sensitivity
- damage threshold
- availability in the industry
- easy handling and preparation (safety requirements)

 Copperis an easy choice but with a low QE.

* (Cs2Te has a much higher QE but is more difficult to prepare.
e Other materials: Magnesium, Niobium, GaAs:Cs

* Note: GaAs:Cs can also produce polarized beams.
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Multiphotonic effect

Laser light conversion efficiency from IR to UV is very low
and UV light transport is difficult.

Some groups have suggested that it is more efficient to
illuminate a cathode with IR photons rather than converting

these photons to UV:

3 IR photons can lead to the emission of an electron like an
UV, however these 3 IR photons must interact with the

same atom.

PRL 104, OB4801 (2010)

= Large spot 1.68 mm FWHM

90 5 * Small spot 0.6 mm FWHM 100 )
4 Medium spot 1.15 mm FWHM — 2x 107 QE
- E‘ UV yield. Slopel.0
[ ]
.A* " [
= = 2 ¥ Slope 2.90.1
@ W
o A u 5 1 .
23] 1 . © 7
- * s & o
.. A E 0.1 | | b)
0 --j&" L T T a) e ’ ¥ T
0 10 20 2 20
Energy (uJ) Intensity (GW/cm’)

FIG. 1 (color online).

(a) Charge yield for different spot sizes

at the cathode as a function of laser energy. (b) Emitted charge
density vs laser intensity. The curve for uv photoemission with
the measured QE of 2 X 1077 is also reported.



Transverse energy

 Depending on the incident photon’s energy and the
travel to the surface the emitted electron will have more

or less remaining kinetic energy after emission.

* Once again part of this energy will be converted in
transverse energy.

* A higher photon energy will lead to a higher beam
emittance.

Metal Vacuum

2)Electrons 3)Electrons
move to surface escape to vacuum

1)Photon
absorbed ‘ Potential barrier

due to spillout electrons

Energy

Fermi
—
Energy °

X Optical depth
occupied

valence
states

}“photml

Direction normal to surface



More exotic cathode materials

' - v radicbeam
CNT’s as Field Emitters | >t

Field Emission: electron escape from a bound state to vacuum

level through gquantum tunneling in the presence of an external

electric field. vacuum level

metal
| = aE’exp| - b
-] - p | Fermi level L X
> E t I
g 2 di:!nar:-ueco
Fowler-Nordheim ¢
Relationship (1928): :
J: Current density ‘

E: Electric field strength: BE ...
[: Enhancement factor
@: Work function, 4.9 eV
a: 1.42x10%/ @ exp(10.4/ V/2)*
b: -6.56x10° ¢»?¥/2
"E. Minoux et al., Nano Lett., 5(11), 2135 (2005). doi: 10.1021/nl051397d

* Extreme aspect ratio gives large enhancement factor
CNTs were invented in 1991

~ 100-1000
[S. ljima, Nature, 354 56 B )

(1991)] o ;& 1100 MV/m (Macroscopic Field)

E .

2nd European Advanced Accelerator Workshop (EAAC), 13-19 September 2015, Elba, Italy
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Quizz

 Which phenomena leads to the sparking
(electron emission) when a metallic object is
placed in a microwave oven?
(a) Thermionic emission (because the object is
heated)
(b) Schottky emission (because of the electric
field in the oven)
(c) Photoemission (because of the photons
emitted by the RF generator of the oven)



Answer (b)

* |[n a microwave oven a very intense electric
field can be induced in metallic objects.

* This will lead to Schottky emission (sparks).
* Note: these sparks also create X-rays...



Physical effects summary

* Electrons are emitted when their energy exceeds
the work function of the material.

e 3 effects can leads to this:
- Thermionic emission (when the material is

heated)

- Schottky emission (lower emission threshold
under an intense electric field)

- Photoelectric emission (under illumination by
energetic photons)

 Material and material properties play an
important role in determining the threshold and
yield of these emissions.
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Designs of electron guns:
Thermionic guns

A thermionic cathode is not sufficient to
produce electrons. It must be inserted into a
gun.

* A thermionic gun must answer several
constraints:
- the cathode must be brought to a high
temperature.
- there must be a high electric field between
the cathode and the exit of the gun (anode).



Electrodes geometry (1)

Cathode (-)

Anode (+)

Two emitted electrons repel each
other.

If the anode and the cathode are
flat the beam will diverge due to
the charges emitted.

At low charge this effect will be
small but with high current sources
this will increase significantly the
beam emittance.

Anode (+)

To avoid this the shape of the
electrode must compensate the
space charge forces.




must be compensated (ie beam current).

Electrodes geometry (2)

* The correct electrode shape will depend on the forces that

* By solving Laplace equation it is possible to find the best

shape

;:.:Z:Z::::_ Wehnelt _:_: Z:::: :.:..
- electrode |

Beam

(images source;Masao Kuriki, ILC school)

V=0
Focusing

Electrode |

V = 10000V
Anode

Cathode

(images source: MEBS)




Pierce gun

Thermionic DC_G_un_ R

Simplest gun design.
Main features:
— Thermionic cathode

— Emission of the beam is
controlled by a HV grid.

— Compensating electrode

Grid control limits pulse length.

Typically >1ns.

Operated in space charge limit.

Such design is widely used.

/i f .-" .-"I /
l|_." II_-l' lIl.l' I|IIII /
F ] i
. . . . . . . .l"r _rJI "lll ||'I _f'lr ;
e e L _.l,-‘ / f 4
~ MWehnelt -~ 7/ /[ [
~ electrode ~ [ | / I
2 f] f-.::-:
e / / f / e
....J__.I' _|JI Fl IIl ] !’
'..-:f f l|'j f f k=
o ! .|' JI ||I !:
.I'lr f :
S / { :
i ~Anode
7N [ f [ ............. ]
- Cathode’ —s——— Beam

-HY

GEnd dniver

(images source:Masao Kuriki, ILC scho




Quizz

* |In aPierce DC Gun a grid is
used to control the pulse
length to a few nanoseconds.

 What would happen without
grid?
(a) there would be no emission

(b) there would be continuous
emission

(c) the pulses would have a
longer duration (microseconds)

(d) the pulses would have a
shorter duration (picoseconds)

- /]
L VA
i . 7 / / r'I /
L A Y B
~ “Wehnelt =~ /o / / { [
electrode. /[ ] I
- . ’ . 'll_." ."- f .l' .[ f'.::':
- e 7 f { I ||I II(
..... ey d ¢ ! | f i
77 S A
: : : ’ _-.rf / ,|I Il- I|I ,
GO '
| | e
’ . III : nﬂ a
L\ |I ]
’ -~ - - ."_‘
- Cathode: —s——— Beam
e

“HV




Quizz

Answer:

* |In aPierce DC Gun a grid is
used to control the pulse

length to a few nanoseconds.

 What would happen without
grid?
(a) there would be no emission

(b) the would be continuous
emission

(c) the pulses would have a
longer duration (microseconds)

(d) the pulses would have a
shorter duration (picoseconds)

5

e i i /

- -.- ..--- ’ .-- ..- ..- ..--- . IIlr II|'lr lll Illl|I ﬂI'
s A A . f
i lr.l' i / i / i
~ Wehnelt 7 [ )f
electrode /[ ] I
0 r,-f / E.J b
: : A flr ! { | ! o
e f J / [
. : : e f i III |III ::' e
A [ ]
A
Saen [

ol L] e
A - ]

- Cathode® —s———— Beam

I.-.-.-.-
-HV




Example of thermionic gun

SCSS

500kV Electron Gun

Magnetic Sheld
Corona Dome Ceramics
Heater
Trans Magnetic
Cathode Stem
Current Lead to Injector

} :\\ :I:|tolonPurrp

I —
| 10cm |
Spring 8 SCSS thermionic gun.
Nicolas Delerue, LAL Orsay Electrons sources
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The CLIO Thermoionic gun

* 3 stages to shape the electrons:
- cathode => 1.5ns bunches (limited by pulse electronics)
- pre-buncher => 200ps
- buncher => few ps

(and then the main linac structure)

1A,1ng [ CALips |
F0Ke] BD & B0 Mew|
SV B /’,nm COIL
G U N PLUMP FLIME COLLTHATIR
#lR . - - ™ — ),.-' LPales
T EIIJ T - % T ] X | l_/l/ ' :
T s ot <=M,
\ BEAM
L L, TRAVELING WaWE ork TP
FF PWER W BUMCHER ! STRUCTURE SCREEN
#F nam CHz ‘Y R LOAD =
K] [LE ] CAMERA
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Thermionic Injectors(2)

1300 MHz buncher
Cavity A E, MV/m
1 | 055 £.9
2 0.66 6.9
3 0.78 7.9
1 1.00 16.3
| S 1.00 15.8

| g { 1.00

1004 1w 12006

axial tield colis
Gun output \

solenpids and

Current monitor IC2
Fepper pot
Current manitor 1C1

) S Vacuum slation
{_ SLAC.SLC qun

108 MHz prebuncher

/
a. N l

18t ecceleralor
b seclion
Ny - Transverse
i \ mode absorber
Faraday cup
Screen and streak camera
Current moniter CM1
Current monltor IC4
“~—Tapered collimator
433 MHz prebuncher
Screan, current monitor 103

Figure 1. Double subharmonic injector

rivy
" ] High Brightness Electron Injectors for
. “ Light Sources - January 14-18 2007
{ )

Lecture 11
D.H. Dowell, S. Lidia, J.F. Schmerge



RF Gun

The high voltage of a DC gun
can be replaced by a RF cavity.

This can provide much higher
accelerating gradients and

hence limit the space charge. Y Electric field
RF guns are often coupled with — —

electron beam
a photo-cathode.

RF gun can generate shorter
bunches (and even shorter
using short laser pulses).

As the RF wave is reflected on — HF?': . M2 |
avl
the cathode plane, a RF-gun Y S

‘ (images source:Masao Kur;i(i, ILC school)
usually has an half-integer
number of cells.

(

Cathode

N |

f‘\m

Laser




Principle of a RF Photo-gun

Pulsed laser photoemission...

N2
Courtesy Jom Luiten, TUV Eindhoven

Nicolas Delerue, LAL Orsay Electrons sources
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Principle of a RF Photo-gun

...and RF acceleration.

RF field strength ~100 MV/m,
limited by vacuum breakdown

Courtesy Jom Luiten, TUV Eindhoven
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Principle of a RF Photo-gun

...and RF acceleration.

RF field strength ~100 MV/m,
limited by vacuum breakdown

N2

Courtesy Jom Luiten, TUV Eindhoven
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Principle of a RF Photo-gun

...and RF acceleration.

RF field strength ~100 MV/m,
limited by vacuum breakdown

N2

Courtesy Jom Luiten, TUV Eindhoven
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Quizz

Which laser would give the best quantum efficiency on a
Copper-based photo-cathode (W=5 eV)

(a) A 5GW CO2 laser (wavelength=10 micrometers)

(b) A 10 kW frequency doubled Nd:YAG laser
(wavelength=532nm)

(c)A 3MW frequency quadrupled Ti-Sapphire laser
(wavelength=200nm)



Answer : (c)

QE 1s independent of the laser power:
it is the photon energy that matters.

Remember that h
E=hv = 76

The shortest the wavelength, the highest
the energy. At 200nm a photon carries
~6 eV, so a 400nm photon carries ~3eV.

Note: photons with a wavelength of
532nm (2.33eV) or 10 micrometer
(~0.1eV) will have less energy than the
work function of the photo-cathode (but
escape by tunnel effect 1s theoretically
possible).

Vacuum level

Photon

" N(E)




RF photocathode gun

Master
Oscillator

- ——

NN

-——-'

Electron bunches

Photocathode (Cs,Te, CsK,Sb, Cu etc.)
Slide compliments of P. O'Shea, UMd

....................... Electrons sources



Power amplification: Klystron

Klystron
" Collector [—
Il PsS
Collector — | i 1=
Output Wl -
Resonator ] E “‘@ RF Output
| | ey uﬁoN"
RF Input Yy CA
J npu 7 A a0
g | N =
Control Grid ——— e L,
Eathudaf I +[/
Getter Focus Anode
Pump PS Heater Magnet PS Modulator | —

An Engineenng Guide to Photoinjectors, T. Rao and D. H. Dowell, Eds.

* A klystron amplifies a milliwatt RF signal to kilowatts or
megawatts so that it can be used in RF accelerating cavities.
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S

S-Band, 1.6 cell, RF Gun

Cathode Plate

W Ay

e VAV Arayaw

N

S NAARNT NN
TIT
A\

,’E\\\\\\\‘E\\\\\\\\

N

7

\
=
N\

Half Cell Full Cell

N h \
YaT; \\ \\\
u High Brightness Electron Injectors for 3 Lecture 4
, Storage Rings - January 14-18 2007 D.H. Dowell, S. Lidia, J.F. Schmerge
L




PHIN RF Gun

\

iAo
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Field line simulations
(SUPERFISH)

RF Electric Field Lines

Beam Axis

Photocathode
>

!

— 1/4 >le—— 112 e M2 —>

An Fnpineering Gude to Photoinjectors, T. Rao and D. H. Dowell, Eds.

Nicolas Delerue, LAL Orsay Electrons sources 57



SUPERFISH Simulation 2

Longitudinal and transverse electric fields along a S5Smm radius
|

Ez: Superfish
= L& Superfish
Ez: E¥*cos(kz) B
= Ekr: d(E*cos(kz))/dx
dEz/dz of Superfish Ez |

(MV/m)

" TaT;
" ] High Brightness Electron Injectors for 6 Lecture 4
. " Storage Rings - January 14-18 2007 D.H. Dowell, S. Lidia, J.F. Schmerge



Modes

* Gun has two cells and thus at least two resonances or
modes

* The field for the accelerating mode has a 180° phase
difference between the two cells. This mode is called
the T mode.

* This structure also supports a mode with 0° phase
difference between cells. However, the 0 mode does
not accelerate electrons since the field has the wrong
polarity in the full cell at the time the electron arrives at
the full cell.

* |n addition there are undoubtedly additional modes at
much higher resonant frequencies.

" Yav;
'J ] High Brightness Electron Injectors for 8 Lecture 4
. “ Storage Rings - January 14-18 2007 D.H. Dowell, S. Lidia, J.F. Schmerge



Measurement of Modes

Network Analyzer
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Field vs Position
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Mathematical Model

» Equivalent to band pass filter (parallel RLC

circuit)
0] )
A rejA(Z) e
T(w,z)= 2 + S
2 o) . (’0.?2' 2 2 . 0)0
W0+ O 00+ j— o
. o
4 3 2 2 2
4 E;f‘n; + a)ﬂ- + (UD d E;fh‘r + (Ui + (05 + a)ﬂ-a)o d E;OHI + a)g a)ﬂ- + (U;.-;-a)[) dEom + (U;:;(QJQEOM
a' o, Q) d Q.0 ) dr  \ Q Q) di

— ( Ar-{a),? + AO(UO ] daEin + (U,?(UO dzEﬁfi + ( A;ra)zwo: + ‘40(00(0?23' ]dEin
Q;'r QO dts Q,-':QD df& Q;r QU' dt
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Step Function Excitation

—E"I‘E’f @) _ E, cos( gt +0,)+ E,cos( gl +6,) + T.e ™ cos (o0 +¢,)+ T,e ™ cos (ot + )

in

steady state (t)

= E, cos(@gpt + 0, )+ E,cos( gl +0,) = E,, cos(wgt +0,)

Er'n
140
120
£ 100 /// — Eful
S o/ oo
~ 60
W /
o1/
20
0 l I I
0 1 2 3 4
Time (ps) ORr = O
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Energy Gain

1.50 — — 1.50 —— Ervelope
1.00 1.00 - = Arcelerator
/\\ \—Aocelerator /\—th
0.50 N 0.50
S /LN S /LN
E 0.00 E— 0.00
-0.50 A -0.50 A
// / // /
-1.00 -1.00
Cathode Gun bt Cathods Gun Edt
-1.50 -1.50
0.0 20 4.0 6.0 8.0 10.0 12.0 0.0 20 40 6.0 80 10.0 12.0
Position (cm) Position (cm)
peak =120 MV/m Epeak =120 MV/m
— o —
accelerator ~— 53 egun = 30°
E_, =626MeV E., =6.17MeV
High Brightness Electron Injectors for 20 Lecture 4

Dk

Storage Rings - January 14-18 2007

D.H. Dowell, S. Lidia, J.F. Schmerge




Energy Gain
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Storage Rings - January 14-18 2007
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Energy Gain
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Energy and Exit Phase
vs Injection Phase
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RF Pulse Compression

Exit pulse length depends on injection
phase because the transit time is a
function of injection phase

Final DUIse Iength = d(l)exit/d(l)entranceA(l)laser
Compression if d¢ex,t/d¢entrance<1
Expansion if do..,./d¢

exit entra nce

High Brightness Ele t n Inj for 25 Lecture 4
Storage Rin g - January 14 18 2007 D.H. Dowell, S. Lidia, J.F. Schmerge



Energy Spread

 Dominated by correlated energy vs time

* Energy vs time due to field temporal
variation

* Energy spread estimated by
d Eexit/ d(l)entranceA(l)laser

'J H Qh Brightness Ele t n Inj for 26 Lecture 4
, rage Rin g - January 14 18 2007 D.H. Dowell, S. Lidia, J.F. Schmerge
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Cavity shape

300
Side conpled RT feeds = = ® pillbox cavity
€ 250
—~ .
= g O reentrant cavity
B 1 200 —— Kilpatrick criterion | .
9 '
Cathode plug : ";
o
o
£
cN - £
\“‘ o = o K
u- m *
©
[
o

Reentrant sun 100 1000 10000
Gun RF Frequency (MHz)

Pillbox gun

* The cavity shape has an impact on the peak field.

* A higher peak field may lead to more
breakdowns.
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Higher order modes

* |n addition to the TM010 mode of the cavity,
higher order mode may be excited.

* These higher order mode can cause longitudinal
and transverse instabilities.

e Special filters are used to remove them.

73



(Molectron J-5/9, reflective coating, 17.82 mV/uJ)

Laser wavelength 262 nm

Charge is measured with the
3GUN toroid T1

QE is defined as the slope of
laser energy vs charge,
obtained by a linear fit

QE =5% —
Laser pulse energy = 0.1 pd for 1 nC

harge (nC)
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o
w
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( o
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Beamline transmission (68%) measured and corrected for

2016-03-09T220047-QE T=0.76 iris/bsa=0/1.2 Pfor=4. 8MW Nb=30
I

FLASH.

Free-Electron Laser
in Hamburg

RF Gun at nominal parameters (4.8 MW), phase 38° off zero crossing

Laser pulse energy measured with an absolutely calibrated joulemeter

BSA= 1.2 mm

[ — QE =7.54%l|
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Quizz

 The RF gun built at LAL have a frequency of
2998 MHz.

 What is the length of a full cell?

(a) 5cm e
(b) 50cm \ \
(C) Sm Photocathode == - \’ :
(d) 10cm
) 1m = L L i
(f) 1cm /
(e A I R e
= el




Answer (a)

* One cell is half a wavelength.
e At 3GHz one wavelength is about 10 cm.
* (c/2998MHz)/2 ~5cm

RF Electric Field Lines

Beam AXxis

Photocathode _—\_\j v&__/ = \
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Examples of qguantum efficiencies:
SLAC-TN-05-080

Source: D.T. Palmer,
1 Table 2: Copper Quantum Efficiency Data from CERN

SLAC-tn-05-080 Reference [1].
MEGHNESIUM PHOTOCATHODE EFFICIENCIES j
V&, FPHOTON ENERGY Wavelength | Copper | Reference
COMPARED TO Cu AND Cs,Te A (nm) QE
WAVELENGTH (am] 193 2 0x10* 1
5 T 1.5x10° 1,2
cavye ¢
';. T e 213 15x10% | 1
2l . i LA . e . . 3
: L & ,f:m 42510* | 1.2
i
B g Sme L Am 266 22x10% | 1
A R .
i L S 308 1.6x107 1
g ™ 355 |somwo*| 1
= ;
g Iy
AE e HI ' 1:._“ . : - .
- Table 3: Magnesium Quantum Efficiency Data from an EF
™ H- i un Reference [4].
& 3 & & & 7 & 9
FHOTON ENERIGY (eV}
e e £, (e & G P B Wawvelength Mapgnesinm QE RF Field
Bk Wk 54 el BF F ;L r_IIIIJJ Glﬂdlﬁl'lt
Figure 2: QE data for Cs,Te, Mg, and Cu photocathodes 266 25x10% 30 MVim
versus wavelength [0]. 266 50x 10* ~70 MV/m
LASHRY b ey Py L = e AL

Nicolas Delerue, LAL Orsay Electrons sources



Quantum efficiency:
DESY XFEL (EPAC'04 MOPKF021)

5 .
. r "
ar . =
L g
E=%
B
i35
2_
1— - - L - r -
[+]
a o5 1 1.5 =2 25
Laser Enengy ju-d)
8 T T
Cathinda 37.2
OE = 1B8%
sl - % OF K OE W oW
3 -
| 3 * * * )
_q_
g gt
= -:'
A
G
2
; . . . - ook
a . . . .
a 0.5 1 1.5 = 2.5

Lasar Enargy (Lt}

Figure 2: Measured charge output of the RF gun as a func-
don of laser energy on cathode 422 after 80 days of nm-
ning and 37 2 directly after first insertion. The data are
plotted for vanous BF powers in the gun.

* Material Cs2Te (very high QE)

G b Efidarmcy (%)

m

[1] | 14 15 14 20
Timas {hj

Figure 3: On-line quanium efficiency for the first 20 h after
inzertion of cathode 37 2 into the gun.

Electrons sources
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Cathode preparation

» Procure High purity metal from commercial vendor
» Polish using commercial diamond slurry

»Avoid exposure to oxygen containing cleaners
»Rinse in hexane

»Clean in ultrasonicator in hexane bath

» Transport to vacuum chamber in hexane bath
»Bake and pump

»Laser/ion clean in 10° Torr vacuum

Nicolas Delerue, LAL Orsay Electrons sources Source: USPAS 2008 79




Photocathode preparation
and lifetime

Facility | Cathode Preparation Laser Charge | Pulse Repetitio | Lifetime
Material Wavele- Duration | n Rate
ngth
LCLS Copper H- Ion 253,255 (Uptol |07-37ps | 120 Hz 2 vr
Bombardment\ | nom nC
Laser Ablation
BNL- | Copper Laser Ablatton | 236nm |Uptol | 7ps Uptod >3 yrs
ATF nC Hz
BNL- Magnesmm | Laser Ablation | 200 nm & nC 5ps 10 Hz 18
LEAF months
UCLA | Copper Laser Ablation | 266,800 | 10 pe <1ps 5Hz =1vr
with MgF; nm
Coating
INEN: | Copper Ozone Cleaming | 262 nm 250 pC | 6 pe 10 Hz 3 months
FERMI
Table 6.1. Facilities using metal photocathodes and their performance [6.5].
An Engineermg Gude to Photoinjectors, T. Rao and D. H. Dowell, Eds.
Nicolas Delerue, LAL Orsay Electrons sources 80



Niobium cathode — QE vs. laser cleaning
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Laser technology

e Lasers can’t produce UV light (" 260nm; “5 eV)
directly.

e The most efficient lasers emit in the near infra-red.
For example Ti:Saphire [Ti:Al,O3] (800nm;1.5eV) or
Nd:YAG (1064nm;1.2eV).

* Non linear crystals are then used to triple or
guadruple the energy of the photons.

e Such laser systems (and frequency conversion) are
rather complex and need special skills to operate.

e See your laser courses for more about this...

(\) second harmonic wave
E.=2E
original photon ;

("pump wave”)

laser light source non-linear crystal
Nicolas Delerue, LAL Orsay Electro

ns PFISMes residual wave
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European XFEL photocathode laser and beamline

media shaft i MBI laser system
AL "2 Operating 24/7 since
B Level 5 Dec. 2015. Status Apr:

99.9% availibility
(2056 hours in use)

Level -6 photo injector

Level -7

laser heater




Laser 1 Laser 2 Laser 3
Laser material Nd:YLF Yb:YAG
Wavelength 1047 nm 1030 nm
4t harmonic (UV) 261.7 nm 257.5 nm
Repetition rate 10 Hz
Burst/train length 800 us
Intra-train rate 1 MHz (%)
Pulses per train 1...800
Pulse energy UV 50 pd 50 pd 1 ud
Average power (IR) 2W 10 W
Arrival time jitter 60 fs rms --
Long. shape Gaussian
Pulse duration (sigma) 4.5 ps 6.5 ps 0.8-1.6 ps
Transverse profile Flat, truncated Gaussian
Spot size on cathode 1.2 mm diam.(*) 0.8 mm
Charge stability <0.5 % rms 1% rms

Siegfried Schreiber | PITZ Collaboration Meeting | May-31, 2016



Dark current

Electrons can also be emitted
at time when they are not
wanted:

- when the grid is “closed” in a
thermionic gun Dark current image on screen 2
- when there is no laser light in @
a photogun.

This is called “dark current”.

Dark current particles are often
at the wrong phase and
therefore at the wrong energy.

The dark current is a source
noise and must be removed.

Photocurrent

g

Source: http://journals.aps.org/prstab/abstract/10.1103/PhysRevSTAB.17.043401



> Stable at 5 pA, stable pattern
> measured at 3GUN; 4.8 MW, 547 us, Sol. 307.0 A; phase +4 dg
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RF gun vs Thermoionic injector

* In a Thermoionic injector the electrons are
bunched in several stages.

* In the RF gun the electrons immediately reach
the desired pulse length (down to ps).
=> Better compactness
=> Lower emittance

BUT: more complexity (laser, RF,...)

Thermionic Injectors(2)




Summary: Gun design

* The shape of the electrodes is important in all
electron guns:

- it will minimize space-charge
- it will allow to increase the field without
breakdowns

e Cavity shape are important in RF guns to
increase even further the accelerating field.



BEAM DYNAMICS IN THE GUN



Beam dynamics:
Space-charge effect

Let's consider two particles with similar charges travelling in

the same direction.

Due to their charge these particles will push each other away

(Coulomb's law).

What is the intensity of the force with
which they repel each other?

What is the effect of a full bunch?

.(mes Nicolas Delerue, LAL Orsa§



Coulomb force
between two electrons

_ 1 qq,
/ dre, d’

e Assume d=1micrometre.

« =2 101N
e This may look small but an
electron 1s not very heavy
¢ f/m=2.510"*N/kg /$/

e This force is very intense
on the scale of the
electrons.

* Typical charge in a bunch:
~100pC = 6 1082 electrons

Electrons sources
Nicolas Delerue, LAL Orsay



Avoiding space-charge effects

® If there is a second force that cancels the effect of the
space-charge the particle will not be deviated.

® [ et's see how the shape of this electrode is defined...
4 >

Electrons sources Nicolas Delerue, LAL Orsa3




Electrostatic potential

in the beam
e Assume steady state 9P _ 0
 Particle conservation as they ot a[zen(z)"z (2)] =0
propagate 2 i~
=> Current constant across %) e
n(z) =
4P : A Zev_(2)
 Electrostatic potential 1s 0 at g
source hence, particles are m,v’
accelerated in the gap. e —Zeg
« Hence, by substitution d’¢ —

2
* And thus Lo \/_226¢/m0

(see also Humphries, CPB, sec 5.2) ¢(Z) Sy (5)4/3
gl 0

d



CEES
ARSI

Plerce Electrode Geometry {7 IREAP

calh-::de
anode ' arode
Pierce electrode

“Infinite” Diode “finite” Diode Plerce Diode

= ,"_\:‘
/T“{YLP"'

Assume V(x)o<x43, outside beam for
finite (in y-direction) diode.

Use complex formalism x—re'® = ¢+ig,
V-oW=V+iVy

Then Vge<r?3cos[(4/3)arctan(g/ &)].
Since cathode is grounded, Vz=0, so

we need
(4/3)arctan(¢/ €)]=n/2, or slope at x=0 is

| (3/4) W/2=67.5°

“  *Miroslav Sedlacek, Electron Physics of Vacuum and
Hect3as861S Devices, Sec. 6.2 (1996). 95




... and then?

After the anode space charge

effects are still present.

.

* |tis not possible to use an

electrostatic solution

Y

anymaore.

 The compensating field must

have a circular symmetry...

e This is not easy to achieve!

Electrons sources Nicolas Delerue, LAL Orsa@



Compensating solenoid (1)

* The solution is to use a u I
:  F=qvzanBz=09
compensating solenoid. ® ®
; : . ol® ®|®
* Inside the solenoid the field is so A Ol

that the angular momentum of

the particles couples with the

field. ) /7 /
« BUT at the edge of the solenoid > ®

®—-.~
® ®

A
®

the particles decouple from the

Y
®
&
’
®

field and receive a transverse
kick (Busch theorem).

)
®
®

T 7

Electrons sources
Nicolas Delerue, LAL Orsay 97



Busch theorem

2.0 T

Canonical angular momentum g;*g'e,s:l;_j, e Pl o
! t-: ]

must be conserved. N

In a solenoid charged particles
couple their transverse
momentum to the field.

At the edge of the solenoid the
field suddenly decreases.

To conserve the correct
coupling the particles will be
deflected toward more intense

Axial Field (Tesla)

field (1e the middle of the 0.5
solenoid)
This will induce a focussing
effect. q o | ,
qu5 e il B Distance (m)

2



Compensating solenoid (2)

* To achieve the best compensation
effect, several small solenoids are
much better than a big one (as

this maximizes the edge effect).

* This can be seen on this picture of

the Diamond gun.

* Once high energies are reached
the particles travel fast enough so

that the space charge do not

need to be compensated any

more.

Electrons sources Nicolas Delerue, LAL Orsa9



Space-charge limitation

Cathode Anode Cathode Anode Cathode Anode
- [+] - ] (=) F
) ‘ + (=) ‘ 4= () +
= ‘ + - _ ‘ + ‘ +
i + = + (= } +
- + . | + = | +
= ‘ + _) ‘ + ) ‘ +
) ‘ * - + f;) ‘ +
i + : + (=) | +
i } * t + (=) | -
i + = (=

_ | = ) _ o

(images source:Masao Kuriki, ILC school)
Emitted electrons shield the cathode from the anode

=> reduced field

e This limits the intensity of the emission.
Child-Landmuir law (potential Vd, area S, distance d)

[This is more complex when the field is not cog/s;cant]
Vi
Wl WS 7

K =233x1064.13/2




Emitted Charge (nC)

Space charge limited emission

An Engineenng Guide to Photoinjectors, T. Rao and D. H. Dowell, Eds.

T 1 T T

QE=4.1x10" ik
0.8
0.6 !

Space charge limited
0.4 emission ir
>

0.2 QE=2.3x10"

) 50 100 150 200 250 300 350
Laser Energy (microJoules)

* In the case of a photo-injector the space charge with limit the
intensity that can be extracted from the cathode.

* The charge extracted from the cathode will also depend on the
shape of the laser pulse.

103
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I FLASH.

Free-Electron Laser
in Hamburg

! | i}
BSA=2.0 mm
0.8 -
5 O PITZ optimization
5 0_6 3 = 4 = S
S FLASH
P
(&]
04 =)
0.2 -1
1 L 1 1 1 L
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Laser Energy (uJ)

BSA= Laser beam diameter

Siegfried Schreiber | PITZ Collaboration Meeting | May-31, 2016




Quizz:

Why the relation between laser energy and
charge is not linear?

e (a) Because of space-

charge. [emesigres ] =
* (b) Higher laser energy ', L
Wi” induce more “W e O PITZ optimization
heating in the cathode P smeam O
and reduce the QE. |
* (c) There is a trade off A

eeeeeeeeeeeeeee

between laser energy
and RF power.

Nicolas Delerue, LAL Orsay Electrons sources 105



Answer (a)

Why the relation between laser energy and
charge is not linear?

* (a) Because of space- |
charge. e v i
* (b) Higher laser energy
will induce more =
heating in the cathode
and reduce the QE. Cathode Ao
* (c) There is a trade off _ e -
between laser energy ® }:
and RF power. ' o
: F
Nicolas Delerue, LAL Orsay Electrons sources \-\ ‘E) E 106




FLASH.

)0 =10 ~ = elo - Al UC Free-Electron Laser
in Hamburg

> 1st approximation: keep charge density on cathode constant

> Change laser spot size (BSA) rather then laser energy

2.5

-0 onstant charge density ]

' 0.3 nC/mm2 —
T S
£ _
T 15 —
3 — |
& ] //"" | PITZ optimization
.fc_" 1.0 // | BSA=1.6*Q9%:3
3 e |
o ‘/

05 |/

0.0 f

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Charge (nC)

Siegfried Schreiber | PITZ Collaboration Meeting | May-31, 2016



Quick introduction to emittance

Remember the perfect gas law: PV=nRT
This is a statistical law that is also valid for particle bunch.
Vis the volume term (x*y*z)

P is the pressure term, it corresponds to the kinetic energy
of the particles in each plane (x'*y’*z’).

n and R are proportionality terms (R is unit dependent and
could be 1 with the correct choice of units).

T is called the temperature for gas...
For a particle beam it is called “emittance”.

You can split the emittance into longitudinal emittance
(along z or s) and transverse emittance (along x and y).

A, T L /
€E = TYZT Y 2 €l = XTYxr Yy €| = <<



Space charge and emittance

An Engineenng Guide to Photomnjectors, T. Rao and D. H. Dowell, Eds.

Modulation after space
Initial spatial modulation charge expansion

g

:

-

29000
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&
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~ae”

Figure 1.15. Modulation patterns used to compute the space charge emittance. Left: The initial pattern on the cathode consisting of a
rectangular array of circles with radius ry and a spacing of 4r, within a full beam radius K. Right: Schematic view of the beamlet
pattern after expansion due fo transverse space charge forces. The integration of the transverse force ends when the beamlets with
radius ar, begin to overlap and form a quasi-uniform distribution.

e Space charge will lead to an increased
emittance => lower beam quality.
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Emittance compensation

An Engimneening Guide to Photoinjectors, T. Rao and D. H. Dowell, Eds

o
x x’

head \\

Cathode After waee I Aftzrl After drift,
charge kick solenoidlens ., waist

Figure 1.18. Transverse phase space dynamics during emittance compensation. The transverse phase space is shown for different slices
along the bunch. The bunch head slice is shown as a green line, the tail slice is red and the center slice is blue. An ellipse has been drawn
around the three slices fo indicate the projected phase space of the three slices.

* By calculating how the different slices of the beam will
propagate in the gun on can minimise the emittance at
the exit of the gun.
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Transverse dynamics

in the gun
e The emission from

the cathode lasts a
fmlte tlme' 10 - 90 ° Exit Phase,

* During that time On Crest
the RF phase varies. 5

* Hence the head and
the tail of the
bunch will
experience slightly
different
acceleration.

B
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Longitudinal dynamics
in the gun: velocity bunching

e After the cathode the electrons are
not yet relativistic.

* Electrons with more energy will go
faster.

 Depending on the phase at which
the particles will be produced, the
ounch at the exit of the gun can be
onger, shorter or have the same
ength than the initial laser pulse.




Summary for beam dynamics

The electrons emitted by the gun interact with
each other.

This must be taken into account when trying to
optimise the gun.

Space-charge is one of the dominating effect, but
the different phases at which the particles are
generated must also be taken into account.

All these effects, once understood, can be
simulated and, sometimes, mitigated.



Gun conditionning

 The gun must be conditionned to accept the full RF power.

* During conditionning small impurities and surface defect
are burnt out.

Conditioning history of gun 4.6 (from 07.03 to 23.05.2015)

P B =800 3
« ~Imonthtoreach = 6= i AN =y | é:ggg =4
full power @100 us® 5= = | = 00 S
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coupler, T-combiner. o
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. St Foweeping 2 |— suniars
continuously. 510'7 =  |[INo data
* No vacuum activity 3 44 1o ! Wi Shutdown
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Evolution of Beam Quality

1 nC, Bunched Beam Emittance
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Rossendorf SRF Gun

Figure 1: 3-D view of the SRF gun cryomodule.
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PHIL: Photo injector at LAL:
Overall layout

Amphi LAL

eeeee

puissance RF




ICT1

Photo cathode 2.5 cel
Transfer arm

RF gun

1982

Zéro Cathode

Nicolas Delerue, LAL Orsay

PHIL: Photo injector at LAL:
The accelerator
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PHIL: Photo injector at LAL:
The Gun
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Quizz

 What do you need to build a photoinjector?
List the main components...

- o : |
—_—i— 5 <7 .
e B :
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To build a photo injector you need:

Not to scale!!!

RF

Klystron Photocathode
Klysuon Collector | —
Collector f’fm—_TL—a—Jr Ps [ 772
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Summary

3 effects can be used (or combined) to produce
electrons: thermionic, schottky and
photoelectric.

Careful design is necessary to reach high electric
field.

To reach the best beam for the application one
also need to take into account the dynamic of the
particles in the gun (and after).

There is a large variety of electron gun (current,
emittance, rep. rate,... ) suited to different
applications.



Recommended readings
(and credits for some of the material used in this lecture)

e USPAS course on particle sources D.H.Dowell
et al.

* USPAS Course on High Brightness electron
Injectors, 2007

 An Engineering guide to Photoinjectors, T. Rao
and D.H.Dowell
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SPring8 SCSS Injector (1)

The contemporary version of the thermionic injector is represented
by the system for the SPring8 Compact SASE Source (SCSS)
XFEL. Due to the increased emittance from a grid, this cathode
emits continuously during the 500kV HV pulse with the pulse
structure determined by a chopper cavity. The test stand for the gun
Is shown, consisting of the HV tank and the diagnostics beam line.
The Injector system architecture is reminiscent of the previous
generation of thermionic injector described earlier. Replacing the
grid with a chopper eliminates a large source of emittance from the
grid itself. (see Pierce and CLIC paper) This design also uses two
stages of sub-harmonic bunchers but does not have a rf/velocity
compressor cavity.

500 keV Electron gun

3A, 0.5 amm-mrad : :
Focusing coils

(a) H}U’\. (©) /Ouadrupoles
= H— = B4
First S-band Second S-band
/ 238 MHz SHB 476 MHz Booster
~210 kV ~750 kV
Beam chopper
High Brightness Electron Injectors for Lecture 11
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SCSS Thermionic Gun

500 kV Electron Gun
Input Pulse
Oil-flisd\Pulsa Tank Cable Connector
. Emittance Monitor System
' ml;Ju% CeBs Cathode
o o — [
— 535 3 f 5 %
LU = - 5 & i 3 & g g
- ,.sféig i3 Ll
! t a-6€ 513 5 §
= |
Dumrr:y Load Pulse Transformer HV Ceramics .

i vy
” High Brightness Electron Injectors for
. " Light Sources - January 14-18 2007
)
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SPring8 SCSS Gun Parameters

Table 1: Gun Parameters

Beam Energy 500 keV
Peak Current 1-3A
Pulse Width (FWHM) 2 usec
Repetition Rate 60 Hz
Cathode Temperature 1400~1600 dee.C
Cathode Diameter 3mm
Theoreocal Thermal 0.4 mmm mrad
Emittance (rms)
Measured Neormalized 0.6 mmm.mrad [7]
Emittance (rms, 90%
particles)

 “Graphite Heat Optimized
for a Low-Emittance CeB6
Cathode,” K. Togawa et
al., Proc. of PACO07
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Figure 5: Beam current —voltage characteristics of the

CeBg electron gun.
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DC Photocathode Guns and
GaAs(Cs) Cathodes

The DC photocathode gun was first developed as a source of
polarized electrons for high-energy physics experiments. The cathode
material was and remains cesciated gallium arsenide, GaAs(Cs),
which produces polarized electrons with the same helicity as that of
the incident laser photons. Polarizations greater than 90 percent have
been achieved from sophisticated wafers consisting of alternating
layers of epitaxially grown structures gallium and arsenic. These
negative electron affinity (NEA) cathodes have high quantum yields of
a few percent at near IR and visible wavelengths, and the lowest
measured thermal emittances.

The disadvantages of GaAs(Cs) are their sensitivity to vacuum
contamination, requiring better than 10-11torr, and slow emission time.
The electron temporal response exhibits a long tail of 10's of ps on the
falling side of the pulse, which is dependent upon how far from within
the material the electrons are extracted. The slower temporal
response also related to the cathode's charge limit. The low electron
mobility limits the flow of electrons needed to replenish the emitted
electrons. The DC gun is well suited to this type of cathode because,
firstly it has a very open and easily vacuum pumped volume, and
secondly the accelerating fields are truly constant.

High Brightness Electron Injectors for Lecture 11
Light Sources - January 14-18 2007 D.H. Dowell, S. Lidia, J.F. Schmerge



Jefferson Lab DC Photocathode Gun

Anode o h
\ C’DH,—-—' Ball Cathode

T

High Brightness Electron Injectors for
Light Sources - January 14-18 2007

A DC photocathode injector for free electron
lasers is used in the Jefferson Laboratory IR-
kilowatt FEL. The HV gun assembly is a direct
descendent of the polarized gun first built at
SLAC for polarized electrons and a copy of the
polarized e-gun used for the Jefferson
Laboratory nuclear physics programs. However
it has been modified to adapt it for the CW
operation in two ways. The cathode stalk has
been tailored to a specific surface resistance by
using ion implantation. And the ball electrode has
been modified to allow withdrawing the cathode
inside for re-cessiation, to keep cesium from
reaching the HV surfaces, which greatly shortens
the HV processing time after a re-cesiation of the
cathode. The HV limit of 350 kV for reliable
operation and to 500kV (unreliable) in this design
appears to be the dielectric strength of the
ceramic insulator standoff.

Lecture 11
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Cornell DC Gun Thermal Emittance
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Figure 1: Beamline for thermal emittance studies. Beam

Figure 4. Comparison of various thermal emuttance mea-
; ; ) surement techniques for GaAs at 532 nm.
direction 1s to the left.

Thermal Emittance Measurements from Negative Electron Affinity
Photocathodes,” |.\VV. Bazarov et al., PACO?.
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The First BNL S-Band (2856 MHz)
Photocathode Gun

» UIEMPORT

"( S-DAND BAUEGUIDE
PHOTOCATHODE Y
¥ /
)r BEaM EXIT,;
Irjf %
MECHRNICAL
TUNER HATER CHOHMELS
] 1]
BF TUMNEHES

« The design for the first BNL gun used a single waveguide to side-
couple rf power into both cells.

- TaT;
I u ] High Brightness Electron Injectors for Lecture 11

Light Sources - January 14-18 2007 D.H. Dowell, S. Lidia, J.F. Schmerge




The LCLS S-Band Gun Design Features

0.005

0004 /A‘ ——cyindical cady
000 \ —#— rasirack coupler ol
0.0 / \ —d— half-cll with sser ports
/ \
0.om
-un::' ) m @ . sl N
- \ /
-0.003 f
oo \_/
p
.06
rfphase
BNL/SLAC/UCLA; GTF LCLS Gun 1
cathode field 100MV/m 120MV/m
rf feed single w/compensation port dual feed .
cavity shape circular racetrack
0-n mode separation 3.2MHz 15MHz
repetition rate 10Hz 120Hz
peak quadrupole field 4 mrad/mm 0.1 mrad/mm
rf tuners plunger/stub deformation
shunt impedance
cathode copper copper
rf coupling theta (azimuth) z (longitudinal)

- W A
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" Light Sources - January 14-18 2007

The interior volume of the
LCLS Gun 1 (top-left
drawing) illustrates the dual
feed and the z-coupled rf
into the full cell.

The top-center drawing
shows the offset of circle
centers defining the
"racetrack” shape of the full
cell. The cathode cell
(0.6¢cell) has a circular
shape.

Top-right plot: The
quadrupole field integrated
along the length of the full
cell as a function of phase
for cylindrical and racetrack
shapes and the field for the
half-cell due to the laser
ports.
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Coaxial RF Photocathode Guns
The TTF/FLASH 1300 MHz Gun

waveguide Solenoid
Bucking Coil
bucking coil gi::r::,l |
i
. bl e e - - // i J |_: | -
R | A N 1 =3
e : , i e J/ o | r£!:l_
phéh - - \\ e
- pr cutxie Laser Port
I coupler i » button electrode 1.3 GHz/ 1 12 cell c?m:msi‘;m
main solenold * pepper pot ’ z

RF gun

« This gun has achieved 1.2 micron emittance for 1 nC bunches
17 ps long or 58 amperes of peak current. Unlike the s-band
gun, this gun will operate at higher average power producing
10 ms long bunch ftrains at 10 Hz. Its beam injects into a
single-pass SRF accelerator to drive a SASE FEL .
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Performance of the Coaxial RF Gun
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F. Stephan, Proc. FEL2007

 The optimized emittance plotted as a function of the gun
solenoid current.  The data shows an Xx-y plane
asymmetry attributed to the wake of the laser injection
mirror.
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High Average Power

Normal Conducting RF (NCRF) Guns
7 I W -

\ ]

RF Cavities

Cathode B-field 527 nm
bucking coil \ Drive Laser Beam _ ) .
- P \ T RS
I | <" R . "> A
“, \ || ‘4 . > ‘A p e ! ‘ \
CsKSb 2 MeV AL e " [2.%
Photocathode *  Electron Beam : / R R S
s 2 ¢ . P ‘R Y- <

R Y

Q‘i ¥ view from cathode side

Y R %

(R L R
s NS
RS-

- The first NCRF gun to operate at high duty factor was the
Boeing/LANL gun which operated at 25 percent duty factor in 1992.
This gun was built in an industry-laboratory partnership between
Boeing and Los Alamos as part of the US Strategic Defense

Initiative for the US Department of Defense. Its purpose was to
demonstrate the best gun technology for a high power ground based
free electron laser system for defense.
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The LANL/AES 700 MHz NCRF Gun

LF‘hctc-cath ode plate - Cooling
\ 1 N T > = y /.'

o

Ridged tapered
RF waveguides

« A recent version of the CW room temperature rf gun has been built by
Advanced Energy Systems for Los Alamos National Laboratory. This 2.5 cell
gun shown in Figure 46 operates at 700 MHz to produce a 2.5 MeV beam of a
pulse train with 3 nC bunches, and has been designed to produce a 100 mA
average current beam, and there are plans to upgrade to one ampere. The
normalized transverse emittance is computed to be less than 7 microns by
temporally overlapping two Gaussian laser pulses in order to approximate a
square pulse. Thermal management is the principle technical challenge for
the room temperature gun. The power density dissipated in the cavity walls
heeds to be less than 200 W/cm2 in order to avoid excessive thermal stress in
the structure and this is especially problematic in the areas around the RF
coupler irises. This limits the gun's accelerating field to 7MV/m.
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