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About myself

* Researcher at LAL in accelerators physics.

* Development of advanced diagnostics and
new acceleration techniques:
- interactions of lasers with electron beams
- laser-plasma acceleration
- measurement of ultra-short pulses of
electrons
- THz radiation



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/cm?3
=> 2. x10%% electrons/cm?3

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

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

* |n a metal these orbits 4
are replaced by the
conduction band and
the valence band.

Electron energy

- [~

metal semiconductor insulator
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Extracting electrons from metal

* The energy needed to
free the electron from

—_—

Electrostatic potential E/e
(Electron energy)

a solid is called “Work

function”.

 This work function is

different for each
material.
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Work function

The work function (W) is the

minimum thermodynamic work S 5
needed to remove an electron 47 A €¢ EF
from a solid to a point in the

vacuum immediately.

E_F: Fermi energy (energy of the

A
electrons at equilibrium). &

@ electrostatic potential.

This depends on the o
configuration of the atoms on N ...
the surface so the same o -
chemical element with different

crystalline configuration will

have different work function.

“""A u Wa

Energy




Work function for
different materials

e 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
Rb
Ru
Se
Sn
b

Ti

Y
Yb

4.26 - 4.74
5.1 —-5.47
4.98

2.87

5

453 -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 [13]

Al
B
Bi
Cd
Cr
Eu
Gd
In
La
Mg
Na
Ni
Pd
Re
Sb
Si
Sr
Te
Tl

Zn

(eV).
4.06-4.26 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 Rh
455-47 | Sc
4.60-4.85 Sm
~2.59 Ta
4.95 Th
~3.84 U
432-522 Y

3.63-4.9 Zr

3.75
252 -2.7
~5

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 - 5.93
4.98

3.5

2.7

4.00 - 4.80
3.4

3.63 - 3.90
3.1

4.05



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 el

(d) 250 A (Angstrom) A\
e Reminder: ¢=3.108 m/s

h=6x10734].s
1eV=1.6 101°)



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 P =
(d) 250 A (Angstrom) A
Reminder: ¢=3.10%8 m/s

h=6x10734).s
1eV=1.6 10%°)

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 % so they are fermions
and follow the Fermi-Dirac statistics.

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

g e

e *BT 41

* E F: Fermi energy, k B Boltzmann constant



Fermi-Dirac statistics

at high energy

1 1  TRLE)

R — Y Y
iy E,—FEp E; &

e ¥ 1/ Es>Er e

* 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

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

E

EZ'ACCT.:\! —

States filled

gD .
¥ M with electrons




Numerical application

Copper work function: W~5eV
K B=8.6 10> eV.K?

=> T~60000K

In fact this would mean that

all atoms emit an electron at
the same time.

To get only some atoms to emit
electrons a lower temperature
is acceptable.

A significant thermionic
emission starts at about 2500K.
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F1GURE 3. Fermi-Dirac 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.



n.(EE Nn,

Density of states

T=300dcgK

T=2500degK
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Energy/(Fems Energy)

FIGURE 3. Fermi-Dirac 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.

for different temperatures

Source:

D.H.Dowell, USPAS
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Extracting electrons...
Richardson’s law

e We do not need all the
atoms to emit electrons.

 We only want a certain
current.

* The current density emitted
(J) was studied in 1901 by
Richardson.

 Lambda _R: correction factor specific to a given
material.
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Richardson’s constant

lo» Atcm?

e Richardson’s constant is 10

still not completely 10|
understood. 10

 Theoretical value : e
1200mA.mm-2 K2 ST g R L
but it has to be
corrected for each Armk?e
material. Ay =

h3



Numerical application

e W=5eV

* A=1200A m2K?

« K B=8.6 105 eV.K?

e Cathode area: 1 cm? =100 mm?

80 == Ac;Tze ’“BT
J = 12007 %e " s6- =0 X area

60000

J =1200T%e~ "7 x 107
T = 2500K => J = 28mA
T = 3000K => J = 2200mA
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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 Distribution (m'b)

~

=
Transverse Energy (eV)

= 300 degress K

S T
110°110°110°110° 001 01 1 10

2500 degrees K

F1GURE 4. Maxwell-Boltzmann electron energy distributions at
300 degK where the rms electron energy spread is 0.049 eV, and
at 2500 degK corresponding to an rms energy spread of 0.41 eV.

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)

lo» Atcm?
e The metal with the lowest el 10 20 30 40
work function emits more '
electrons.

 The work function express
the work an electron has to w00 200 2000 2800 7T,°K

do to be emitted.

 The lower the work function
the more electrons will be A T2 — =T
3 == & B
emitted (at the same J G
temperature).




Schottky emission

 When a strong electric field (F) is
applied the barrier for electrons
to escape from the solid is
lowered.
=> The work function is reduced.

* |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.

No current



Photoelectric emission

E
* Electrons can also
receive energy by =L\ SRy
absorbing a photon. E ;

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

“,
e This is called ﬂ% /
6

photoelectric emission.




Wavelength for photoemission

e Remember:
- Copper work function: 5eV
-2eV ~620nm
or 5eV ~ 250nm.

* The typical wavelength for
photoemission is in the
Ultraviolet, not in the visible.

 The photoelectric effect was
historically observed when a
cathode was illuminated under

UV light and it started to spark.




Photo-electric emission

A photon incident on a
material will transfer its

energy to an el

ectron

present in the metal.

* If the energy of this
electron becomes bigger
than the work function of
the material, the electron

can be emitted.

* This is called p

Noto-

electric emission.

Vacuum level

Photon
—~ NN NN

 N(E) z

(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 electronto the physical surface of the

metal. The electron may loose energy by
scattering during this process.

3) Electron emission (if
the remaining energy is
above the work function;
including Schottky effect) 1)Photon

absorbed

Energy

Fermi
—»
Energy

The efficiency of this process is
called “quantum efficiency”. e

states

Metal

2)Electrons
move to surface

Optical depth

7“pholon

Vacuum

3)Electrons
escape to vacuum

E’@

Potential barrier
due to spillout electrons

Direction normal to surface



Quantum efficiency

* Not all incident photons
lead to the emission of an

electron. vt | v
. Ty p i Ca I q U a ntu m B 1 Z)Electronsf 3)Electrons
5w . g;, move to surface escape to vacuum
efficiency is below a few S § =P —Pe
percent, sometimes as o || due 1o splont seorons
Ener
low as 10. ¥
. b occupied Optical depth
e As the cathode is used its s Ppotn

surface will change and
the QE will decrease.

Direction normal to surface
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Typical cathode
materials

1
* The choice of material is a trade-off between several
parameters:
- guantum efficiency
- environmental sensitivity
- damage threshold
- availability in the industry
- easy handling and preparation (safety requirements)

* Copper is an easy choice but with a low QE.

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

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

e 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.

= Large spot 1.68 mm FWHM

90 5 * Small spot 0.6 mm FWHM 100 4 . F
4 Mediumspot1.15 mmFWHM 2 2x ,10'_\?(1; Slonel.0 /
| L £ UV yield. Slopel.
] ~ | |
Q 60 A B 107 v
< A £ ¥ Slope 2.9+0.1
2 4 - é 1 2
2 3 ! . s ] a
v ¢ A 2 =w'n
1o s ) ) £ o1 ) b)
° a o Y
0 -nJ‘ s " T ¥ 1 Y T
0 10 20 - 20
Energy (uJ) Intensity (GW/cm’)

PRL 104, 084801 (2010) . : ST :
‘ 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 1072 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.

Energy

Fermi
Energy

Metal

2)Electrons
move to surface

1)Photon
absorbed H

. Optical depth
occupied

valence
states

;"photon

Vacuum

3)Electrons
escape to vacuum

E>®

Potential barrier
due to spillout electrons

Direction normal to surface



More exotic cathode materials

= . . m
CNT’s as Field Emitters | oy~ albeem

Field Emission: electron escape from a bound state to vacuum
level through quantum tunneling in the presence of an external

electric field. vacuum level
metal
. > b
J=aE"exp|—— .
E | Fermi level L y
3 E, tunnel
2 distance
Fowler-Nordheim e
Relationship (1928): B
J: Current density ¢

E: Electric field strength: BE._ ...,
B: Enhancement factor
@: Work function, 4.9 eV,
a: 1.42x10°5/ @ exp(10.4/ DdY/2)*
b: -6.56x10° ¢3/2
"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. liima, Nature, 354 56 B ' ) o
(1991)] * E, ™~ 17100 MV/m (Macroscopic Field)

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

* Athermionic 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).



« Two emitted electrons repel each

* At low charge this effect will be

 To avoid this the shape of the

Electrodes geometry (1) -—

Cathode (-)

other.

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

small but with high current sources
this will increase significantly the
beam emittance.

electrode must compensate the
space charge forces.
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Electrodes geometry (2)

* The correct electrode shape will depend on the forces that
must be compensated (ie beam current).

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

V=0
Focusing [
f / Electrode V =10000V

Anode

 Wehnelt |

7 -‘-":; -:-:':’] / ] f"
electrode |/ /][] /
s % ’.{_'__;:;:“ 7 / f ]
L / i / / / /
2 -';::" / / / / Cathode

|
T [N
L I

1
[

U]
(YANI NREN)
I

Cathode — Beam

(lmﬁgq (e)lgrruceeLl\{%rge Kuriki, ILC school) (images source: MEBS) 2

Electrons sources



Pierce gun
Thermionic DC Gun.

e Simplest gun design. NN
* Main features: ) _ |

. o - Ay S e ,‘,1 f ;
— Emission of the beam is 00 [ ,’ P

controlled by a HV grid. . AN
— Compensating electrode _ I

* Grid control limits pulse length. -:,:;j-,:;::_-;::_-_::_-:,:;:;Z,w | f f [An

. . Iy . . f /
-y - ~ MWehnelt /| | ] ,ff /
— Thermionic cathode ~ electrode ~ /[ ] | |

Typically >1ns.

Caihbdé-“: —.— Beam

 Operated in space charge limit. I_'

* Such design is widely used. -HV

QGnd driver

geee

Nicolas Delerue, LAL Orsay Electrons sour('i,@’%ages source:-Masao Kuriki. ILC scho




Example of thermionic gun
500kV Electron Gun

SCSS

|100mI

Spring 8 SCSS thermionic gun.

Nicolas Delerue, LAL Orsay Electrons sourc
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The CLIO Thermoionic gun

* 3 stages to shape the electrons:
- cathode =>1.5ns bunches
- pre-buncher => 200ps
- buncher => few ps

(and then the main linac structure)

|

1A,ins E GOATlps |
I0Ke V] D A& 60 MeV|
SV BUNCHER
GU N PUMP COLLMATOR
AR COi / ! QPales
:I ~ T |jL [_/_(' '
/

. . ) I' i - l b|
" ! LU Lﬁ IR S ey
=k _ - WCM "
| . L, TRAVELING WAWE g or B
STRUCTURE

B POVE SW BUNCHER ’ SCREEN
RF LOAD e 3IGHz ‘Y RF PDWER / RF LOAD
) 3GHz CCD
él(\i] 1.2 MV] Bal ME CAMERA
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Thermionic Injectors(2)

1300 MHz buncher
Cavity B E MVm
1 | 055 59
2 0.66 6.9 ~3
3 Q.78 7.9 I ‘,@
4 1.00 16.3
s |1.00 [ 158 | 3
| 8 1.00 ' = yﬁ o 15t Bccelerator
-~ o= Wil “— saction

1004 1w 12006

axial field colis
Gun output \

= Transverse

mode absorber
Faraday cup

Screen and streak camera
;ick::mds a?!l'\d o 3 Current moniter CM1
b ng cai Q@ 5 a Current meonltor 1C4
» “—_Tapered collimater
433 MHz prebuncher
— Soreen, current monitor 103
108 MHz prebuncher
Current monitor IC2

Fepper pot
Current manitor 1C1

) T S Vacuum slation
._ ® gun

Figure 1. Double subharmonic injector

¥ I VYV
u ‘ High Brightness Electron Injectors for Lecture 11
. “ Light Sources - January 14-18 2007 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. U 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 4 nFj:avny A2 |
the cathode plane, a RF-gun -

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

Cathode

/\A




Principle of a RF Photo-gun

Pulsed laser photoemission...

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) A5GW 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 is independent of the laser power:
it 1s the photon energy that matters.

Remember that he =
E=h=— ®
A. """""""""" Vacuum level
The shortest the wavelength, the highest \
the energy. At 200nm a photon carries

Photon
NN NIV NI

~6 eV, so a 400nm photon carries ~3¢eV.

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).




RF photocathode gun

Master
Oscillator

Electron bunches

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

UG e, e sy Electrons sources



Power amplification: Klystron

P
Collector —— (\|

Klystron

-}

- e 1

Collector
PS

=
Output __ Ul )
Resonator Al S RF Output
NV
A N
~N v
4l RF Input
NV
L
Control Grid —_ "= L
Cathode— F +F’
Getter Focus Anode
Pump PS Heater Magnet PS Modulator | _

An Engineering

Gude 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.

Nicolas Delerue, LAL Orsay
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S-Band, 1.6 cell, RF Gun

/

(1

Cathode Plate

~\3§Q$77/

SANINANRNNNNAN

o
\ 1

/A

Scale

Half Cell

- a¥;
u High Brightness Electron Injectors for
, Storage Rings - January 14-18 2007

NI
N N
N
N A\
A %BD g N
- ="
B
Full Cell i e
NN
3 Lecture 4

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




PHIN RF Gun

\

o
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Field line simulations
(SUPERFISH)

RF Electric Field Lines

Beam Axis

Photocathode

>

;

€< ) /4 —>le——)/2 1€ Al

An Engimeering Guide to Photoinjectors, T. Rao and D. H. Dowell, Eds.
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SUPERFISH Simulation 2

Longitudinal and transverse electric fields along a Smm radius
|

Ez: Superfish

= Er: Superfish

Ez: E*cos(kz)
= Er: d(E*cos(kz))/dx
dEz/dz of SuperfishEz |-

(MV/m)

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



Pill Box Cavity

IM,, mode wherep, =2.405

r E =E,J, ( pOlrjcos(ﬂ) sin (at )
a d
2a i
Z —
E=-"TE [Mjsm(ﬂjsm(@)
Pod a d

B, = L Pu 7r'a7 onl(pmrjcos(ﬂjcos(a)t)
o\ a py,d° a d

Yy Ya¥;
guq High Brightness Electron Injectors for 7 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.

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

Y Ya¥;
n ] 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

input | 4 reflection
Laser Port Waveguide Feed i

\:::577/ —

. =1

3

1]

\\\\\\\Y\\\\\\§

A
\ 1
A\

\ /]
g \\\\7/74 o S
bt _» transmission
Sedde. Full Cell Probe T
R Scale
Half Cell Probe Pump Out Port N\

transmission

f Ya¥;
” ] High Brightness Electron Injectors for 9 Lecture 4
. “ Storage Rings - January 14-18 2007 D.H. Dowell, S. Lidia, J.F. Schmerge



Phase (radiar

Half Cell Transmission

Full Cell Transmission

Yy N \/
" ] High Brightness Electron Injectors for 10 Lecture 4

, Storage Rings - January 14-18 2007 D.H. Dowell, S. Lidia, J.F. Schmerge
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Field vs Position
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Mathematical Model

« Equivalent to band pass filter (parallel RLC
circuit)

A(D) e Az )go
T(w,z)= —+ Oa)
O -+ 0 -0+
V1 QO

d’ E, . @, a)o d’ EO,,, OO d’ Eom a)ga)” - @), dEom
T + a) + @y + + @ a)OEom
dt Q, Qo dr’ 0,0, ) dr’ Q. Qo

_[ Aoa)ojd E. L 4 Pa® d’E, ( _07; Aoa)0 ]
0, @ )adr Q. dr o Q ) di

Ya¥;
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Step Function Excitation

EaD) _  cos(ggt+0,) + Eycos(gt+0,)+ Te ™ cos(+4,)+ T * cos(ani +5)

mn

steady state ([)

E

m

=E_ cos( gt + 6, ) + E,cos( gt +6,) = E,, cos( gl +6,,)

140
120

100 ~

é e o
3 / — e
w /

el

20

O I [ [

0 1 2 3 4
Time (us) ORp = O
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Energy Gain

150 — Envelope 190 —— Envelope
— Envelope — Envelope
1.00 A 1.00 A Accelerator
7\\ / _\—Pooelerator —Gin
0.50 2 0.50
/ \ / \
E E
< 0.00 / \ b 0.00 / \
u A\ o \
-0.50 -0.50
/ /
-1.00 / / -1.00 _,_/ /
Cathode Gun BExt Cathode Gun Bxt
-1.50 -1.50
0.0 20 4.0 6.0 8.0 10.0 12.0 0.0 20 40 6.0 8.0 10.0 12.0
Position (cm) Position (cm)
Epeax = 120 MV/m Epeax = 120 MV/m
eaccelerator =33° 6gun =30°
E_. =626MeV E., =6.17MeV
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Energy Gain
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Energy Gain

9
8
7

g ° Z

< 5 //

g 4 - — 10 degrees
3 — 30 degrees
2 =70 degrees
1_
0 Cathode Gun Exit

0 2 4 6 8 10 12
Position (cm)

Yy v\
u ‘ High Brightness Electron Injectors for 23 Lecture 4
' Storage Rings - January 14-18 2007 D.H. Dowell, S. Lidia, J.F. Schmerge
(),



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 pUlSG length = dd)exit/dd)entranceAd)laser
« Compression if dd.,i/ddenirance<
« Expansion if d¢

eX|t/ d(l)entrance

High Brightness Ele t n Injector: 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(bentranceA(I)Iaser

- Ya¥;
u High Brightness Electron Injectors for 26 Lecture 4
, Storage Rings - January 14-18 2007 D.H. Dowell, S. Lidia, J.F. Schmerge
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Cavity shape

300

coupled RF feeds ® pillbox cavity

N
v
o

O reentrant cavity

N
(=]
o

- Kilpatrick criterion

-
o
o

Peak Cathode Field (MV/m)
o
=

w
o

/ K,
-~ Y
hr g

Pillbox gun Reentrant gun 100 1000 10000
Gun RF Frequency (MHz)

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

* A higher peak field may lead to more breakdowns
and limit the maximum acceleration gradient.

Nicolas Delerue, LAL Orsay Electrons sources 69



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.

70




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

> Beamline transmission (68%) measured and corrected for

> 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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| —aE =7.54%l|
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Linear regime
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Saturation due to space
charge ‘
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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 ) 5 C m RF Electric Field Lines
(b) 50cm Bk

(c) 5m =g

Beam Axis
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1 N N H
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= ~
.____lh ~
] < =
=
T et -1
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<> \\ \ N
/‘:. \\\ ~>
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Answer (a)

* One cell is half a wavelength.

At 3GHz one wavelength is about 10 cm.

e (c/2998MHz)/2 ~5cm

RF Electric Field Lines

\ \ Beam Axis
Photocathode
v\_/ \_/1 \’

: /F\ }
PR e

u T — 3

\
: \\\ \\\\
I/“ A

E=r
N\
Ho 0 00 00




Examples of quantum efficiencies:

Source: D.T. Palmer,
SLAC-tn-05-080

MAGNESIUM PHOTOCATHODE EFFICIENCIES

VS, PHOTON ENERGY

SLAC-TN-05-080

COMPARED TO Cu AND Cs,Te

WAVELENGTH (am)

T m e
10 b et
Cs.%e. 7 -
' . (’.'N?\\\
>/ Ve '

10 Fi 7 o
>- -y /
7 ;o Me

ar,

e ] ol
w L "ﬁ' £
uw > i / m
E §0¢ I/ ”,' Cu
2 F) m'q‘.
= l .
v 0 Lo IR ."

! A A

a™
10+ bk ‘
2 3 4 § 8 7 a ]

PHOTON ENERGY (eV}

Crtmt e, O Mg R, 3, GRAN P, B EAL A A3 A0
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Figure 2: QE data for Cs,Te, Mg, and Cu photocathodes
Versus wavelength [0].

Nicolas Delerue, LAL Orsay

Table 2: Copper Quantum Efficiency Data from CERN
Reference [1].
Wavelength | Copper | Reference
A (nm) QE
193 2.0x10* 1
1.5x10° 1,2
213 15x10% | 1
42x10% | 1.2
266 22x10° 1
308 16x107 1
355 8.0x10°® 1

Table 3: Magnesium Quantum Efficiency Data from an RF

Gun Reference [4].

Wavelength Magnesium QE RF Field
Gradient
A (nm)
266 25x10° 50 MV/m
266 50x10* ~70 MV/m

Electrons sources
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Quantum efficiency:
DESY XFEL (EPAC'04 MOPKF021)

6 T
Cathode 422
QOE = 9.0%
5F A
- - -
-
4l s = ¥ o. 0"
o a* ¥
= £
2 ol .
E »
s
o -
ok
L p S * W -
|
(¢}
o 0os 1 1.5 25
Lazer Energy (uJ)
8 T T
Cathode 37.2
QE = 186%
5 . - * * o
st
s ¥
~ 4r )
ga-
2
1 - ~ w W o
oO 05 1 1.5 25

Laser Energy (WJ)

Figure 2: Measured charge output of the RF gun as a func-
ton of laser energy on cathode 422 after 80 days of run-
ning and 372 directly after first insertion. The data are

plotted for various RF powers in the gun.

* Material Cs2Te (very high QE)

Figure 3: On-line quantum efficiency for the first 20 h after
insertion of cathode 37 2 into the gun.
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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 76




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|120Hz 2yr
Bombardment\ |nm nC
Laser Ablation
BNL- | Copper Laser Ablation |256nm |Uptol | 7ps Upto 6 > 5 yrs
ATF nC Hz
BNL- | Magnesmum | Laser Ablation |266nm | 8nC S5ps 10 Hz 18
LEAF months
UCLA | Copper Laser Ablation | 266,800 | 10 pe <lps 5Hz >1yr
with Mgk, nm
Coating
INFN: | Copper Ozone Cleaning | 262nam | 250 pC | 6 pe 10 Hz 3 months
FERMI

Nicolas Delerue, LAL Orsay

Table 6.1. Facilities using metal photocathodes and their performance [6.5].

An Engineering Gude to Photoinjectors, T. Rao and D. H. Dowell, Eds.
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Niobium cathode — QE vs. laser cleaning

= 1000 ¢

C -
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o i . o o

< 100 | _ -
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C -
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3 i .

T 10 -
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g : laser: 266nm,15ps

© i m}

8 1 L | | | 1 1 | | | 1 1 | | | 1 1 |
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Laser energy density [mJ/mmz]
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Laser technology

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

 The most efficient lasers emit in the near infra-red.
For example Ti:Saphire [Ti:Al,05] (800nm;1.5eV) or
Nd:YAG (1064nm;1.2eV).

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

* 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 El
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UV generation (1030nm - 257nm)

iensions

of spots
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European XFEL photocathode laser and beamline

media shaft e MBI laser system
A" A Operating 24/7 since
Level-5 ~ Dec. 2015. Status Apr:

99.9% availibility
(2056 hours in use)

Level -6 photo injector

Level -7

laser heater




FLASH.

Free-Electron Laser
in Hamburg

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 pd
Average power (IR) 2W 10 W
Arrival time jitter 60 fs rms --
Long. shape Gaussian
Pulse duration (sigma) 4.5 ps 6.5 ps 0.8-16 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 g
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

7~

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



FLASH.

)3 - . JUC Free-Electron Laser
in Hamburg

> Stable at 5 pA, stable pattern

> measured at 3GUN; 4.8 MW, 547 us, Sol. 307.0 A; phase +4 dg
15-Jul-2015  18-Aug-2015  29-Sep-2015  11-Nov-2015  22-Dec-2015  7-Jan-2015

e I —— ket e

[= Faraday cup 3GUN; BUf=6347689 Res=1/16 [uA] |

P o m N WA YO N®B B
U T TR SN NN N S NN N

400 500 600 700 800 900 1000 1100 1200 1300 1[40(])

9-M3r—201 6 fried Schreiber | PITZ Collaboration Meeting | May-31, 2016



RF gun vs Thermoionic injector

* In a Thermoionic injector the electrons are
ounched 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)

EEWI%Sj
0 & 60 Mey]




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?

.on*ources Nicolas Delerue, LAL Orsa$



Coulomb force
between two electrons

. 1 g4,
/ drE, d’

e Assume d=1micrometre.

« =2 10-1°N

e This may look small but an \?\
electron is not very heavy

« f/m=2.5 10"*N/kg /‘/

e This force 1s very intense
on the scale of the
electrons.

» Typical charge in a bunch:
~100pC = 6 108 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...
‘ >

Electrons sources Nicolas Delerue, LAL Orsa@




Electrostatic potential

in the beam
e Assume steady state % 0
« Particle conservation as they 9 d[Zen(z)v_(z)] -0
propagate A ¥
=> Current constant across 7
gap n(z) =
. = Zev_(z2)
 Electrostatic potential 1s 0 at i
source hence, particles are m,V’,
accelerated in the gap. N —Zeg
» Hence, by substitution d’¢ —Jjs

dz’ =
 And thus S \/ L

(see also Humphries, CPB, sec 5.2) ¢(Z) i V (3)4/3
0

d
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Plerce Electrode Geometry*
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IREAP

}{“f.
"’I{Y\_E\"A
cathcde %
mAm
cathcde 1 anode ' anode
Pierce electrode%
“Infinite” Diode “finite” Diode Pierce Diode
. fg_ . Assume V(x)o<x#3, outside beam for

1'6 Yy finite (in y-direction) diode.

ol /

1.4 & : i :
5] / / /’ / / Use complex formalism x—re'® = ¢+ig,
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08 06 000408 T2 Miroslav Sedlacek, Electron Physics of Vacuum and
HeCEAs 84S Devices, Sec. 6.2 (1996).
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... and then?

effects are still present.

/‘/ * After the anode space charge

* Itis not possible to use an
electrostatic solution

anymore.

 The compensating field must

have a circular symmetry...

e This is not easy to achieve!

Electrons sources Nicolas Delerue, LAL Orsag



Compensating solenoid (1)

e The solution is to use a « 1 1

.  F=qvzaBz=09%
compensating solenoid. ® ©
' , , ol® ®le®
 Inside the solenoid the field is so A\® e
that the angular momentum of —%
the particles couples with the
field. |
« BUT at the edge of the solenoid
the particles decouple from the ® ® ® ©
field and receive a transverse © ® ® ©
; ® ® ® ®
kick (Busch theorem). © | ] )\ \ ® ® } L |\ ®
ANNPZAIN

Electrons sources
Nicolas Delerue, LAL Orsay 94



Canonical angular momentum bt
must be conserved. .~ |
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
field (1e the middle of the 03
solenoid)

This will induce a focussing

effect. q 6.0, O
Ap(b = — = B |

Busch theorem

Axial Field (Tesla)

— - r:;,us'cm

-———-—t-:O

2

Distance (m)



Compensating solenoid (2)

 To achieve the best compensation
effect, several small solenoids are Vit 2
much better than a big one (as mﬁ.... ]
this maximizes the edge effect). b i AJ‘”
* This can be seen on this picture of )7 L
the Diamond gun. =7 £

* 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 Ors@§



Quiz
* On this image of the CLIC
injector the electrons travel

from the left to the right.

* In which direction does the
current flow in the solenoid
to compensate the space-
charge effect?

a) Clockwise

b) Counter clockwise
c¢) It does not matter

q

Electrons sources
Nicolas Delerue, LAL Orsay )7/



Answer: a

o
Busch theorem: Ap N _5 / B

To get a negative transverse
kick the second term must be

positive. A e W0 l
q is negative. LON CK

So the flux must be positive.

The electrons must travel in the
MAYNETIC P1ScussioN

direction of the flux.

The current must circulate 1n a
clockwise direction.



Space-charge limitation

Cathode Anode Cathode Anode
-] [+] | (4]
‘ = (=) ‘ +
|+ | N
n M
: M \+
- n M
: 1+ g :
: I *
| | f :
- + -~
_ L d

Cathode

+_

_+_+_+— +_+_+_ +_

[ +

(images source:Masao Kuriki, ILC school),
e Emitted electrons shield the cathode from the anode
=> reduced field

* This limits the intensity of the emission.
Child-Landmuir law (potential V, area S, distance d)
[This is more complex when the field is not constant]

3/2
J=233x10°S de




Emitted Charge (nC)

Space charge limited emission

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

QE=4.1x10" ok a
0.8
0.6 |-

e charge limit
Space charge limited
0.4 emission i ]
>

0.2 QF=2.3x10°

0 S0 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.

Nicolas Delerue, LAL Orsay Electrons sources 100



. FLASH.

Free-Electron Laser
in Hamburg

2016-03-09T221838-QE T=0.68636 iris/bsa=0/1 Pfor=4.8MW Nb=30

ol |
BSA=2.0 mm
5 - @ PITZ optimization
S FLASH
s BSA= 1.2 mm O
= ﬁ
, BSA=1.0mm
0.2 -
00 0.102 0.64 0.66 0.:)8 Of1 0.112 0.114 0.116
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?

. f &
(a) Because of space mal =
Typical Working Points
charge. A

* (b) Higher laser energy ] g
will induce more *‘ N
heating in the cathode T e O
and reduce the QE.

* (c) There is a trade off | AN

between laser energy
and RF power.

Nicolas Delerue, LAL Orsay Electrons sources 102



Answer (a)

Why the relation between laser energy and

' i
charge is not linear?
* (a) Because of space- | P e
charge. P i O
* (b) Higher laser energy

will induce more
heating in the cathode

Cathod Anod
and reduce the QE. —eeE fgad
: ' s
* (c) Thereis a trade off _ .
between laser energy L@ +
and RF power. O
- F
Nicolas Delerue, LAL Orsay Electrons sources \-\ o) E 103




FLASH.

Ol+ Free-Electron Laser
in Hamburg

> 1st approximation: keep charge density on cathode constant

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

BSA Diameter (mm)

2.5

g
o

=
0

=
o

ot
»n

0.0

constant charge density

—_,

0.3 nC/mm?2

/

T T

/ C
// PITZ optimization
BSA=1.6*Q%3
/ i
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.
V is 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).

B /1 1y /
€E = TYRZT Y 2 €L = TYT Y €| = <=



Space charge and emittance

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

Modulation after space
Initial spatial modulation charge expansion

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

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

Nicolas Delerue, LAL Orsay Electrons sources 106



Emittance compensation

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

%’

3 '
—— e y @ 2 + X
e =3 e

Cathode After o I Aft.zrl After drift,
charge kick solenoidlens ., vaist

Figure 1.18. Transverse phase space dynamics during emittance compensation. The transverse phase space 1s 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 to indicate the projected phase space of the three slices.

e 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

| | | | |

10 90 ° Exit Phase,
On Crest

finite time.
* During that time
the RF phase varies.

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

-
-
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-
-
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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)

S ;- . =500 3
~1 month to reach = 6= = | =700 ¢
\ S g 3 ~ =600 D
full power @100 us.> 5= = | = 500 &
ey . @ —— B, ! = —
« Conditioning was a £ g E .. g— =400
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everything is new: % 1= _ J =100 @
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_ Qe L e reening 2 | — cun.
» Vacuum improves £ T TR At S TN bocnipe
continuously. E 4107 1= LR LN s INo data
» No vacuum activity 3 4, o ! Wi Shutdown
at the cathode. = ,; Rt £ || l | |
[ o IRLR R
10™
| 03/2016 | 0472016 = 05/2016




Evolution of Beam Quality
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Rossendorf SRF Gun

Figure 1: 3-D view of the SRF gun cryomodule.

¥ IV \V
" ] High Brightness Electron Injectors for Lecture 11
Light Sources - January 14-18 2007 D.H. Dowell, S. Lidia, J.F. Schmerge
QJ



Examples and classification
of injectors

Emission &
Initial Acceleration

e p

Thermionic cathode
Gridded-DC gun
DC gun
NCRF gun

Photo-electric cathode
DC gun
NCRF gun
SRF gun

Field-emission cathode
Pulsed-DC
RF
Pulsed-DC+

<

NCRF
/

-

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

Nicolas Delerue, LAL Orsay

Beam Conditioning

~

Emittance compensation

Solenoid focusing

RF focusing

Slice phase space matching
Ballistic compression

Fundamental &

sub-harmonic RF

Inductive linac
Magnetic compression

RF harmonic linearizing
RF compression

Tapered RF phase bunching

Acceleration

-~

Capture into booster

Emittance preservation

<

Longitudinal phase space
compensation

Chirping for bunch
COMPressors
-

/

Solenoid focusing

Electrons sources

Lecture 11
D.H. Dowell, S. Lidia, J.F. Schmerge
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PHIL: Photo injector at LAL:
Overall layout
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PHIL: Photo injector at LAL:
The accelerator

YAG1 YAG2

Photo cathode 1"

Focusing cerenkov
Transfer arm y magnet Bending : window
RF gun i ¥
g magnet : o
1982 >

e
3
3.
2
H
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°
4
s
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PHIL: Photo injector at LAL:
The Gun
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Visit of PHIL

* | will circulate an email in the coming days
about visiting PHIL (for those who have not
yet seen it).



Quizz

 What do you need to build a photoinjector?
List the main components...
‘:\& TN . r \

‘‘‘‘‘
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To build a photo injector you need:

Not to scale!!!

Klystron Photocathode
Klystron ~ |
Collector /mﬁ_—m; Ps [ 7

Electrons

N
L
\\
o
\ <
\

) z:::::.c’i‘/’f/—";‘ +F . NS \\\\‘ / T\‘:i ; ° ///; / L aser
Getter Hodter Focus Anode | | — = S = A A
Pump PS Magnet PS | | Modulator | _ »
GUN A
High voltage Magnets
modulator

Stable = —»RF 3GHz
frequency

(eg: 75MHz quartz)
| - Trigger

distribution > Diagnostics,...




Diagnostics



What do we want to know

about the beam?

?



What do you want to know about the

Intensity (charge) (1,Q)
Position (x,Y,z)

Size/shape (transverse and

longitudinal)

Emittance (transverse and

longitudinal)
Energy

Particle losses

Y [mm]

IIIII

X [mm]




Beam properties measurements

 Almost all accelerators accelerate charged particles

 There are mainly 2 types of beam diagnostics:
- Diagnostics that use the interaction of the beam with
matter

- Diagnostics that use radiations emitted by the beam to
measure Its properties.

 That's almost all what you need to use to build
diagnostics (together with some clever tricks).



Particles interactions with matter

® High energy particles

Massive shower in a tungsten cylinder (outlined in green) produced by
a single 10 GeV incident electron.

photons ~ i nte ra Ct Wit h m atte r i n

several ways.

® When a particle enters
(nuclear) matter, it loses

energy.

® |t will scatter off the nuclei
that form the nuclear

matter.

® Particles produced when

1 electron producing 3 bremssirahlung photons

such scattering occur will



Example: Electron shower

e The distance after which an

electron or a photon interacts is g 3
called the “radiation length” e " Y
* Radiation length vary from - |
material to material and can be Y : Y
found in tables. o |
+ X,(Pb)= 0.56cm N g
X (Ta)= 0.41cm Y - Y
X,(Cu)=1.44cm - '“‘
X (Fe)= 1.76cm I e
X,(C graphite)= 19.32cm Xp=1 X,=2 Xp=3 X,=4 X=>
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Particle absorption

® Particles loose 1/e of their
energy after each radiation
length.

® The reality is a bit more complex
but statistically this picture is

true...

® Heavy particles such as protons
will loose some energy as they
travel in matter and suddenly
stop when their energy slow
enough.

N
S~

ABSORBER

L

g

& _,\,\f\""’/,
SN

-
X0 \ B
e+ e
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Faraday cup (1)

e Let's send the beam
on a piece of copper.

 What information
can be measured
after the beam has
hit the copper?




Faraday cup (2)

Mognetic
Field N,
Secondary =g [
Electrons —H
b L

* By inserting an ammeter between
the copper and the ground it is

S At - A possible to measure the total
rimary 3
lons NS charge of the beam.

Grophite -

Ineulotor —  The total energy of the beam
Permanent Magnets — 7 ] could also be measured by using

Current Meter —

the cup as a calorimeter, but
usually knowing the charge is
enough as most beam are almost
monochromatic.

* At high energy Faraday cups can
be large:

More than 1m at SOLEIL for a
Image source: Pelletron.com 3 GeV electron beam.
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Screen (1)

If a thin screen is inserted in
the path of the particles, they
will deposit energy in the

screen.

If this screen contains
elements that emit light when
energy is deposited then the

screen will emit light.

Example of such elements;
Phosphorus, Gadolinium,
Cesium,...

130



CCD Camera

10cm

Lens and
Extension Tube

Lead Glass Window
Vacuum Window

Phosphor Screen

AR p\oEio/g
: 3 .

Screen (2)

It is not possible for the
operators to stay in the
accelerator while the beam is
on so the screen must be
monitored by a camera.

To avoid damaging the camera
the screen is at

45 degrees.

On this screen you can see
both the position of the beam
and its shape.

Note the snow on the image.



erietd
units)

Intencky
units)

Wire-scanner

By inserting a thin wire in the
beam trajectory (instead of a full
screen) it is possible to sample
parts of the beam.

By moving the wire in the
transverse direction one can get
a profile of the beam.

It is possible to use wire
diameters of just a few
micrometres.

=> better resolution than with
screens & less disruptive

However, a too strong beam
current can lead to damages to
the wire (requiring replacement
of the wire).



Laser-wire

Nicolas Delerue, LAL Orsay

To mitigate the problem of
broken wires in wire-

scanners it is possible to
replace the wire by a laser.
This technique called “laser-
wire” also allow to reach
better resolutions.

High power lasers (or long
integration times) are
needed.

133



Longitudinal properties

* Itis not possible to directly
image the longitudinal
profile of a bunch.

.. * By giving longitudinal

%~ impulsion to the beam it is
possible to make it rotate
and observe its longitudinal
profile.
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RF Input
Coupler

7
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RF deflector off and on

100
200
300
400

P
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Deflection calculations

 The transverse quick given
by the cavity is

, V, . Vo | 2 :
Ax(z):e—osm(kz+(p) = °|: d ZCOS(,0+SII1§0:|
pc pc|l A

* This leadstoan offset

Ax = /5,3, sin Ay -AB
. /And a resuh;i%el?ﬁam Size )2

2meV,
0, =\/oio+oiﬁdﬂ{ =

2
0 SiHAWCOS(p]

e



Beam losses

* Itisimportant to monitor the beam losses directly:

* Small beam losses may not be detected by other
systems

. Beam losses are a source of radiation and activation

*  Most beam losses indicate that there is a problem
somewhere.

* Insome accelerators on optical fibre is used to track
the losses (by induced Cerenkov light).

* Beam loss monitoring is often compulsory to minimize
health risks.

]

i n
)\\ - ; \ “7
f‘v‘“\ f\ﬁ {4 i

P.d

Ag ||
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SIEAL
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Monitors in which the
matter interacts are prone
to damage.

With high energy high
intensity colliders such
damages are more likely to

OCCur.

To the left: hole punched by
a 30 GeV beam into a

scintillating screen.
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Summary
(particles interaction with matter)

wittiri:;it‘:e"r e We have seen that it is possible
to build monitors which use the

interactions of particles with
C harge Faraday cup matter

 These monitors tend to be
destructive: they significantly
damage/modify the beam.

Position Screen

Size or shape |Screen or wire-
(transv.) scanner/LW

; .
P e ST R o S These monitors tend to be

(longit) screen simple but can be damaged by
high energy and/or high
Energy P intensity beams.

Losses S cintillator




Quizz

* Which diagnostic would you use to measure
the quantum efficiency of an RF-gun?
(a) A wire-scanner
(b) A faraday cup
(c) A screen
(d) A deflecting cavity



Answer (b) [or (c)]

 The quantum efficiency is a measure of the
charge (with respect to the laser energy) so

the most appropriate diagnostic is the Faraday
cup.

e However for relative measurements a screen
can also be used.



Charged particle

A * Any charged particle

/ “radiates”

° -  These electromagnetic

/ \ radiations can be detected

without disrupting the

beam.
* One needs to remember
~— \ that the beam trave-ls .at
= ® high speed: the radiations

7 will be contained ina 1/
gamma cone.



Beam current monitor

P ° * Remember: as the charge
® travelling in the beam pipe
- is constant the current
induced on the walls (of the
° o beam pipe) will be

independent of the beam

position.
o o * By inserting a ceramic gap

® and an ammeter the total
® charge travelling in a beam

pipe can be measured.
¢ @

TESHEP 2012 - Particle accelerators
Nicolas Delerue, LAL Orsay Diagnostics 144
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Beam current monitor
vs Faraday cup

Both devices have pros and
cons.

A Faraday cup destroys the
beam but it gives a very
accurate charge
measurements

A Beam current monitor
does not affect the beam
but must be calibrated.

Both tend to be used but at
different locations along
the accelerator.

TESHEP 2012 - Particle accelerators

Diagnostics

145



Beam position monitor

* |f instead of measuring the
charge all around the beam
pipe, two electrodes are
positioned at opposite
locations, they will be
sensitive to the beam
position.

e Here the electrodes act as
antennas.

e Such device is called a beam
position monitor.

 Many flavours of BPM exist.

TESHEP 2012 - Particle accelerators
Nicolas Delerue, LAL Orsay Diagnostics 146
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Beam Position Monitor (2)

BPM are one of the most
common diagnostic at an
accelerator.

They exist on many different
configurations.

At synchrotrons it is not
possible to have electrodes in
the horizontal plane so the
electrodes have to be above or
below the beam.

Although the basic principle is
simple, very advanced ot
electronics are used to get he =
best possible precision. jo
In typical synchrotrons there is  *
a large number of BPMs, about o co—="{
1 every 4 meters in the ring! ‘

Nicolas Delerue, LAL Orsay
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Synchrotron radiation

Synchrotron radiation
carries information about
the beam which emitted it.

It is commonly used to
study the beam transverse
profile.

180
200
220
240
260

TESHEP 2012 - Particle acceleratorggg 200 250 300 350 400
Nicolas Delerue, LAL Orsay Diagnostics pixel 148



Optical Transition Radiation

forward
radiation

screen

/o

¥ Jbackward
radiation

When a charged particle
experiences a transition
between two different media
continuity equations require
some EM signal to be emitted.
This radiation can be observed

by using a 45 degrees screen.
By imaging the radiation
emitted from the screen it is
possible to know the beam

transverse shape (and possibly
other things).

As this is a surface effect, very
thin (non disruptive) screens
can be used.



Optical Diffraction Radiation

It is also possible to
use a screen to reflect
the wake created by

the charged particles
bunch.

This technique is
called ODR.

It is even less
disruptive than OTR.



Long Wavelengths

Longitudinal profiles

Short Wavelengths

|

dl
dQdw

K
Ne

dI
dQdw

Longitudinal profiles of short beams are one
of the most difficult measurement.

Several techniques use radiation induced by
the beam.

In the Smith-Purcell method a grating is
used.

The beam interacts coherently with the
grating and emits radiation.

The intensity and wavelength of this
radiation depends on the longitudinal profile
of the beam.

Most longitudinal profile measurement
techniques actually measure the
Fourier transform of the beam

=> reconstruction needed!

) (Q,0) [N, + N, (N, +1) | F(@) ]
sp



Energy measurements

 To measure (or select) the
energy of the particles a
bending magnet is often the
best solution.

* This can be done in an “energy
chicane”.

Electromagnet chicane comprising
four magnets used to deflect the beam

[ —— = = = = = — — — — — — = =
I
| I
Curved chirp S )
\ o % | Linear chirp
' I Z < ’l
e Rectangular Rectangular I
Linear chirp I magnet magnet |
used for used for v
OO O deflection deflection %
Electron beam ———) I [
Rectangular magnet— — — — — — Rectangular magnet
used for deflection used for deﬂection@)

Curved chirp
- Low-energy electron orbital (long path)

— Electron orbital with designated energy

— High-energy electron orbital (short path)

TESHEP 2012 - Particle accelerators
Nicolas Delerue, LAL Orsay Diagnostics 152




Diagnostics overview

Charge Faraday cup Beam current monitor
Position Screen BPM
Size or shape (transverse)  Screen or wire-scanner Synchrotron radiation or

optical transition radiation

Size or shape (longitudinal) RF cavity + screen Radiation detectors
(eg: Smith-Purcell)

Energy Bending magnet

Losses Scintillator
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Emittance measurement:
Multi screen/wire method

The emittance 1s not directly an observable.
The beam size i1s an observable.

By measuring the beam size at several locations it 1s
possible to fit the best emittance.

The beam size can be measured by using screens or wires
(beam size measurements will be discussed next week
during the diagnostics lecture).

0 = JE(By - 20,5+ 1,5”)




Quad scan

* The emittance can also be measured by changing the
strength of a quadrupole and measuring the location
at a fixed position.

* This modifies the beta function of the beam and once
agiun this can be fitted to find the best emittance
value.

N 7 s N >
30.0 Win o\\s'\TJ version s

O = \/E(/))o _2050*9"'7/052) ~ |

20.0

17.5 4

15.0
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Quad scan
measur

Emattance Scan on OTRS:IN20 571 18-Aug-2007 18:16 30RMS cut area

150

100

Beam Size (jim)

0.135 GeV
1.000+ 0.01 nC
= 1.18£0.00 ( 1.00) pm

= 1458001 (1.12) m,
= -0.08+ 0.00 (-0

+ 0.00,400)
¢ = 8047018 um

¢ = 5576 022 prad

*/NDF = 22 68

AN
"

-5 4 -3
QUAD:IN20:525 BDES (kG)
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Emattance Scan on OTRS:IN20 571 18-Aug-2007 1816 30RMS cut area
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100

BReam Size (pm)
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Pepper-pot (1)

A grid of dense material inserted
in the beam path will split the
beam in several beamlets.

The transverse position at which
these beamlets were created is
know (it is the position of the
grid).

A measurement of the size of
the beamlets downstream gives
access to the beam divergence.

The beam size plus the beam
divergence can be combined to
give the value of the emittance.

\

D Beamlets

e——)=>
%

Py

Pepper-pot measurement of the
transverse emittance of
a van de graaff

Electrons sources 157



1 "

Pepper-pot (2)

4- 4- 4-

.....

>
et

R

A

-
.
- A »
-

* Inthe phase space, the effect of pepper-pot is shown above:
— The beam is sampled at given x positions
— After the pepper-pot, the beam drifts

* The measurement must be made close enough so that the beamlets do not
overlap.

 The Pepper-pot method is a destructive single-shot technique (the beam is
destroyed after the measurement but a single pulse is enough to make the
measurement).

* |tisused alow energy, for example for the study of particle gun properties.
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Quizz

* |f you want to study the effect of space charge
in your photo-injector which diagnostic will
you use?

(a) Faraday cup

(b) Beam position monitor
(c) Screen

(d) Spectrometer magnet
(e) Pepper-pot



Answer (e) [or (c)]

* Space charge will affect the emittance and the
size of the beam.

* The most appropriate diagnostic would be a
pepper-pot that accurately measure the
change in emittance (e).

e However a screen located at the correct
location would also be suitable (c).




Diagnhostics summary

 The properties of a particle beam can be measured,
either:
- through its interactions with matter (destructive
measurement)
- or by detecting the radiation measurements (almost
non perturbative measurement)

e The more accurate the measurement has to be the

more precise/expensive the measuring equipment will
be.

* Diagnostics for particle accelerators are an active
research area with conferences dedicated to the topic
every year.



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.



1)

2)

3)

To do at home: last year’s exam
(for the next lecture)

What are the 3 physical principles that allow the
extraction of electrons from matter ? (3/20)

Describe the main elements (at least 5) of a photo-
injector. Explaining how the performances of each of
these elements contribute to the final performance of
the photo-injector. (5/20)

Compare the advantages and disadvantages of
Copper (Cu ; W=4.7), Caesium (Cs ; W=2.2) and Gold
(Au ; W=5.1) as cathode material in the case of a

photoinjector and in the case of a thermoionic gun.
(6/20)



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

 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 tmm-mrad : :
Focusing coils

(a) _=(byh (c) Quadrupoles
E=d— =

First S-band 1
/ 238 MHz SHB 476 MHz Booster Sondeea s

~210 kV ~750 kV
Beam chopper
High Brightness Electron Injectors for Lecture 11
Light Sources - January 14-18 2007 D.H. Dowell, S. Lidia, J.F. Schmerge



SCSS Thermionic Gun

500 kV Electron Gun
Input Pulse
Oil-filaq_\.Pulse Tk Cable Connector
- " Emittance Monitor System
'ﬁfrsr CeBs Cathode
\ — gg i 3 P %
— It 3 5% § 583 & g 5 w
,.i'fe:_,gg zg’gg 2 5, 8
3158 @542 5h 3
— { ]
Dumrr:y Load Pulse Transformer HV Ceramics 1m

l

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



SPring8 SCSS Gun Parameters

1 '2 Sy Seal i Resl o el b Beal Jenl & Al & feel % Wy I
- Reference Tempetarure
- at Cathode Sleeve
[ | —e— 1470 deg.C
Table 1: Gun Parameters T | —— 1420 degc §
——te— 1370 deg.C
Beam Energy 500 keV - | —*— 1270 deg.C
Peak Curtent 1-34 = | Space-charge i
Pulse Width (FWHM) 2 psec %, .Li?nited Reg?on ® Temperature-limited Region
Repettion Rae 60 Hz = ! | 2
Cathode Temperature 1400~1600 dee C @ :
Cathode Diameter 3mm = .
Theoretical Thermal 0.4 mmm mrad O
Emittance (rms) =
Measured Normalized 0.6 xmm.mrad [7] g i

Emittance (rms, 90%
particles)

 “Graphite Heat Optimized
for a Low-Emittance CeB6
Cathode,” K. Togawa et SN S I I T s A FY g fes 4
al., Proc. of PACO07 0 100 200 300 400 500

Gun Voltage (kV)

i vy
" ‘ High Brightness Electron Injectors for Figure 5: Beam current —voltage characteristics of the
Light Sources - January 14-18 2007

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.
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Jefferson Lab DC Photocathode Gun

« 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

. | Ball Cathode been modified to allow withdrawing the cathode

Qb/ 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 Ilimit of 350 kV for reliable
operation and to 500kV (unreliable) in this design
appears to be the dielectric strength of the
ceramic insulator standoff.
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Cornell DC Gun Thermal Emittance
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Figure 1: Beamline for thermal emittance studies. Beam
direction 1s to the left.

Figure 4. Comparison of various thermal emittance mea
surement techniques for GaAs at 532 nm.

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
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» The design for the first BNL gun used a single waveguide to side-
couple rf power into both cells.
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The LCLS S-Band Gun Design Features
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of phase
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-m 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)
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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
(0.6cell) 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
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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 trains at 10 Hz. Its beam injects info 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 x-y plane
asymmetry attributed to the wake of the laser injection

mirror.

Y 1V
u ] High Brightness Electron Injectors for Lecture 11
! Light Sources - January 14-18 2007 D.H. Dowell, S. Lidia, J.F. Schmerge
)



High Average Power
Normal Conducting RF (NCRF) Guns

RF Cavities

527 nm
Drive Laser Beam

Cathode B-field

bucking coil \

CsKSb 2 MeV

Photocathode m = Electron Beam

- 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

_— Cooling

Ridged tapered
RF wavegquides

« 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
needs 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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