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'-’IE Electron Emission (1) &0 =

» Thermal electron emission : Electron emission
Polarized from the heated material (typically 1000 -
Electron 3OOOK)

Gun » Field emission: Emission from the high field
€ Blectren gradient surface.

» Photo-electron emission: Emission by photo-
electron effect.

Laser

ammay - - Secondary electron emission: Emission
induced by electron absorption.
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h’E Fermi-Dirac Distribution =)

» Electrons in a metal are
SGU  confined in a well potential

PEC;'G'”‘Z@d and distributed according to £t
T . . . . .
- Fermi-Dirac Distribution.

EIeCTron El Vacuum Lewvel

cun | » T=0: Electrons occupy the - - - - .=
TILCElectron| ~ €nergy states up to Fermi- Work
. Functi
Source level (Fermi energy, E5). e

Laser | B> T>0: Electron distribution

extends to higher energy

summary | state due to the thermal
energy.

H{E) z
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h’E Thermal Electron Emissiof——<~

» If the temperature is
il  sufficiently high, so that E ¢

PE‘;';C'”T'::S the electrons are
- distributed up tfo the o ®
Gun vacuum level (£p), electrons | Vacuum level
TLcElectron] ~ @Scape out to the outside. ¢
> | » The gap between the : Ef
Laser vacuum level and the Fermi
energy is Work function, &,
Summary which characterize the
thermal emission.
N(E) 4
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"IE Richardson-Dushman Equatlgﬁﬂ“ﬂ“

Electron
Emission
P

Polarized . 2 kT
Electron J=AT"e
Electron 411 emk’
Gun = =1.20X10°[ 4/m” K]
ILC Electron
Source

» A . thermionic emission constant
Laser » T:. Temperature (K)

» k : Boltzmann constant ; 1.38E-23 (J/K)
» e : electronic charge

Summary

» m : electron mass
» h : Plank constant ; 6.63E-34 (Js)

Electron Source 20-28 October 2008 6
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= m . - w e
iIn Field Emission T
o
» With large surface field,
S the potential barrier to
E'“g:e: the outside becomes E o

very thin.
Electron

6un » When the field is more
ILC Electron than 1E+8 V/m, the

oource tunnel current becomes
Laser SignifiCGnT.
> Because of the emission ecie
Summary at the cold temperature, ecumlerd

it is called sometimes as
cold emission.

" N(E)
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Fowler-Nordheim Formula —

» The emission current is expressed by Fowler-
Nordheim formula with F, surface field;

63F2 4\/2m 3/2

J:8h7Tcl> eXp<3heF $)

» The vacuum potential is assumed to be £,-Fz.

» The tunnel current was estimated with WKRB
approximation.

20-28 October 2008 8
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| ] ] 7%
,',IE Photo-electron Emission="—cc~

» Photons excite electrons
Emission : :
into higher energy states.

Polarized E]
Electron | P If the states are higher ® :
Electron than the vacuum level, the ey " T Vacuurm lovel
6un excited electrons are 0
ILCElectron  extracted as the photo-

S
onree electrons; Photo-electron
Photon
Laser foCCT.
» Photo-emission condition :
Summary h
V=0
N(E) z
Electron Source 20-28 October 2008 9
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;Ip : Qﬂ’cuc@

TR Fowler Equation
Electron w, log (1+w)
ap [ )
Polarized 21Tem -
Electron A= E Pk’ Wo=
Electron

con | P Pshows the transition probability, £z is the
HLcElctron — kinetic energy of electrons in z direction.

Source

» Practically, Quantum Efficiency, n, is defined as

Laser

= number of photo electrons
Summary number of photons

with practical units
J|nA|
PluW X[ nm|

n[%]=124

Electron S(_)u_rce _ . 20-28 October 2008 10
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e A
i Shottky Effect =

» Potential near the surface
Sukelon is modified by the mirror

Polarized charge potential and
Electron .
surface field
Electron 62
Gun Viz)=V. . — —e bz
( ) O 161mTez
ILC Electron

cource | B Crest of the potential curve

Laser 1S —— e /i
max 0 2 T €

Summary

» The effective work function

IS cE
41T €

b(E)=¢p,—e

Electron Source 20-28 October 2008 11
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'.,IE Space Charge Limit =

» Electron terminate the electric flux (remember
Gauss's law).

Polarized
Electron » Electric field is weakened by the space charge.
EIZ:TPOH » At some limit, the field at the cathode surface is
un .
disappeared and no electrons extracted further;
ILC Electron h h limi
Source The space charge limit.
Laser Cathode Anode Cathode Anode Cathode Anode
- [+ | ___ T @: T
+ (2 + (D~ +
Summary + - + @ +
+ @: + @f- +
+ - | + (D—+
+ (=)—+ (=) +
+ - + ()—+
+ - + @: +
+ - + (=)= +
+ (=)= + (B)—+
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Qﬂ’cuc@

Child-Langmuir Law

» In the space charge limit, the dynamics of the
electron cluster decides the electron current,
rather than the emission from the cathode.

» In diode geometry - two electrodes and one
dimension - the current is;

e
. =PV"?(4)
- V and d : voltage and distance between two

electrodes.
- S . area size
— P : perveance defined as; P=2.33><10_65 (4V7)

20-28 October 2008 13
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,','E Actual Emission Current="—c..-

" > When the surface field is not sufficiently high, the
Emission actual current is determined by the space charge limit.

Polarized | > When the surface field is sufficiently high, the actual
Electron . .
. current is determined by that from the cathode.
ectron
6un » Then, the actual emission current form a cathode is
ILC Electron ]E:min(lc, ]SC>
Source ..
— Ic: Emission current of the fundamental process
Laser (thermal emission, etc.)
Summary — Isc:Space charge limit
Electron Source 20-28 October 2008 14

Masao Kuriki (Hiroshima/KEK) 3rd International Accelerator School for Linear Colliders



u’E Polarized Electron (1y==-=>

» Polarized Electron generation:

Electron
Emission 3 STZP model
Polarized 1.Excitation
Electron 2. Transportation Vacuum
Electron 3.Emission

Gun Polarization is made by the first _

. Conduction Band
ILCElectron|  Step as consequence of selective
ource | excitation from the valence band l
Laser TO CondUCTion med. r mEe---- Vacuum
Excited electron can be Band Gap
Summar d b f h Eg Electron
Y | transported because of the Affinity

forbidden band, band gap.

Step 3 is realized artificial
treatment (NEA surface).

Electron Source 20-28 October 2008 15
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u’E Polarized Electron (2)==->

Electron » Bulk GaAs (I' pOlnT) has
Emission | states : J=3/2 and 1/2. et i h

E'“"T'Z@d » Transition probability by
ectron : : :
circularity polarized . . 3 Fg-143 6V
Electron h —+1) | ® Y
un photons(sz=+1) is @
LcEleeror  described by C.Ie.bsh -
Source Gordon co-efficients — L 3/2 Y
mj=- - +1/27 + AE ~ =34eV
(3/2@1and 1/201) . ® soinori

Laser mj=-1/2 AR f

» If the phO"'Oh energy IS Unstrained Ga As
summary | adjusted to excite only
J=3/2 states, electron N ,—N,
polarization becomes #= N +N
50% (75% s:=-1,25% ' Pl y
Sz:+1)
Electron Source 20-28 October 2008 16
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u’E Polarized Electron (3)@T o=

tectron | ® If the degenerated states are
Emission untied, one transition is
L2l enhanced and the polarization

Electron can be more than 50%.
Electron ) . .
cn | ® Constraint (lattice mismatch) - -
TLcElectronl OF super-lattice (layer oran s sl
. o nciaen oton AXIS
Source structure with different mo-1/2  +1)2 1
ucor lattice constant) realize the T
band split. ot sy
Summary | B As consequence, 90% M
polarization is realized. *Esian =05V
ﬂ‘Es.pin arbi t='34 eV
(b) Strained Ga As 7583

- /

Electron Source 20-28 October 2008 17
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"IE Polarized Electron (4)@T e

flectron | ® The polarized electron is
Emission excited selectively; The

Polarized electron is near of the bottom
of the conduction band.

Vacuum

Electron

Electron

Gun » Interaction to electrons in the

Electron

LcEectronl Valence band is compensated Affinity
Source because any electrons can not
be in the band gap: forbidden I
Laser
band. Band Gap

Eg

summary | P The polarized electron arrives
to the surface.

Electron S(_Ju_rce _ . 20-28 October 2008 18
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u’E Polarized Electron (5)@T o=

cecrron | ® Nominal ma'r.er.lal has positive
Emission electron leflnlfy,' Electrons are

vl  confined in the well potential.
Electron

» The electron affinity canbe [ h
Elect . .
.| negative (NEA surface) by two |
. %Cs
ILC Electron treatments: .
. . Conduction Band
Source — Band bending: Zn doping makes \ b
hole states, which attract un- [ !\ . f |
Laser : : KEA
paired electrons, resulting Band Gap
potential bending. i
Summary — Dipole layer by Cs and Oz pulls Velence Band
down the vacuum level. S
» Polarized electron in the N J

conduction band can be
extracted to the vacuum.

Electron S(_)u_rce _ . 20-28 October 2008 19
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,,'E Polarized Electron (5) ===

Electron Performance of GaAs/GaAsP superlattice
Emission
: SLAC NAGOYA
Polarized _
Electron P e
T . By N. Yamamoto
Electron || - 2 (Nagoya Univ.)
Gun 5 g5 £
1L.¢ Electron| | £ E B
ectron AU 3 ; " g NAGOYA
Source — —
i i  GaAsrGaAsP]
i i superlattice |
- 780 780 B0O Séﬂ 750 In("'iAS ("dAs.
Laser 660 68D ?uowzzlen?‘::mm} Wave lengt i) .‘.-..l.!.ll,.(?..l...l.s.l..t.iﬂ-‘--
Summary GaAs-GaAsP superlattice shows S S
the best performance ! RS | GaaAd

v

@778nm [ InGaAs-AlGa §-AlGaAs
- superlattic¢ superlattice

Polarization ~ 90%

Q.E. ~0.5% T T O
Quantum Efficiency(%)

Electron Source 20-28 October 2008 20
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o o
Electron Gun Bes
Cathode 24pele Comments
Field
Plerce type - i '
(thermionic DC) Thermal Static Still conventional
Photo Cathode oy, o glectron  Static  For special cathode
DC Gun
Photo-cathode  ppot4 electron RF Advanced
RF Gun
'Cl;tenrmlonlc RF Thaial RF Advanced

» Thermionic DC gun is still conventional, but RF
gun becomes recently more popular.

» Photo-cathode DC gun is used for special case
like Linear Colliders, ERL, etc.

20-28 October 2008 21
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..Ip = = ﬂ ;;*‘fi\i_:
T Thermionic Gun T
Electron | P Emission from a thermionic
Emission cathode is purely continuous.
Polarized Grid electrode control the
leciron extracted beam.

Electron c e
» The pulse length is limited down Wehnelt

ILC Electron To ~1ns.

cource | p» Need bunchers to shorten the
Laser bunch length for RF acceleration.

» Any thermionic cathodes can not  catnode
generate polarized electron. |

Summary

Electron Source 20-28 October 2008 22
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,',IE Photo-Cathode RF Gun =<~

Electron | B Electron beam is generated by
Emission .
photo-electron with laser.

Polarized

Flectron | P Typical field: several 10MV/m

Electron ~ 150 MV/m, WhiCh IS Electric field
Gun _/ c~N——_ —

ImPOSSIble |n DC QUH. EI electron beam %
Hefecen > The beam is accelerated up to ° N o
several MeVs immediately. asel
Laser The beam bunch length is
short; No bunching. [ 2 |
Summary
» GaAs cathode has never been

used in any RF guns.

Electron S(_)u_rce _ . 20-28 October 2008
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u’E Photo-Cathode DC GuA—=<:-

ceciron | P Electron beam is

-missen | generated by Photo-

e emission with laser. -
» Beam extraction by a Electric field %"
e m static electric field o

Source (100 - 300 kV).

Lser | P GaAS for polarized Electrons
electron beam, can be

S used. It is for ILC.

Laser Photons J

Electron Source 20-28 October 2008 24
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ILC Electron Source <==—t.-

» DC photo cathode gun with GaAs cathode.

» Buncher for short bunch length.

» NC up to 76 MeV followed by SC up to 5 GeV.
» Spin rotator and energy compressor.

Damping Ring

Energy Compression

Faraday Cup
amd Mott Polarimeter
{13.5W)

'\; Spin Rotation

2x5 MW
(141 spare)

NC tune-up dump (11.3 kW)

SCe" LINAC (5.0 GeV)

, DC Gun (2x)

SC tune-up dump (311 KW) g g
8x10MW Energy Collimation oMW TOMW 10 MW S
(Mertical Chicane) SPARE L l
L-band (B = 0.75) TW Bunching SHB Drive
and Pre-Acceleration Laser
(above
Ground)
3.2nC anC
¥ P Y |
I\ 76 MeV - 5.0 GeV I\ 140 keV - 76 MeV ‘
20-28 October 2008 25
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.'ll‘ . O g
o Requirements ==in
Electron
Emission
-
Electron
Pulse length 0.9ms
Electron
Gun Pulse reputation SHz
# of micro bunches in a pulse 2625 (5120)
Source Bunch separation 369(189)ns
Laser Bunch charge 3.2(1.6)nC
Micro bunch length at source 1ns
summary | Peak current 3.2(1.6)A
Electron Polarization 80%

Electron Source 20-28 October 2008 26
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,,',‘: Pulse structure ==~

Electron
Emission

Macro Pulse 0.9ms

e

Polarized
Electron

8400nC

Electron
Gun

ILC Electron
Source

Laser | Mlicro Pulse

5693 1ns A10ps 3.2nC

[ LITLELLLS

Electron Source 20-28 October 2008 27
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:Ip - g
HA Basic Concept =i
- 1 Circularly polarized
soarned | photons are injected to
Electron NEA GaAS cathode; ™
Electron polarized electrons are Electric field L
ourn generated. =
» Beam extraction by a
static electric field,
Loser 120kV. Electrons
summary | ® The extraction current is
limited up to 3.1A by aser Photors
space charge, 1.1ns for y

3.2nC.

Electron Sou_rce _ . 20-28 October 2008 28
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,',IE Super-lattice Cathode B

Electron | » GaAs/GaAsP super lattice cathode Condction Band \
Emission for high polarization (90%) and high N~ ee |
Polarized | QE (0.5%). ""8""‘é;;;téi:;i_f;::;;;:::;;::;'
Flectron | surface charge limit: electrons s
Electron captured at near of the band bending, Recombnatr
oun that raises the effective vacuum

.. . N\
states and limit the emission current. ole© = '
iiladll > Heavy P (Zn) -doped GaAs surface

Laser layer accelerates the recombination Heavy p-doped GaAs  Snm
4
process of the captured electrons to
Summary holes; CTISSIOH is recovered up to om
~BA/cme. BT
» Emission is now limited by space Cate Ay
Charge. GaAs, P . Buffer2 um
GaAs Substrate 350 pm
Electron Source 20-28 October 2008 29
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l'IIE Bunching(1) B

cecron | > According Child-Langmuir law, peak current of
oo ILC Electron gun (120kV, d~5cm, and 1cm
Electron diameter) is ~3A.

" | »To generate ILC bunch (3.2nC), 1.1ns is

ILC Electron
Source

necessary.

» It is significantly longer than RF acceleration
oser and should be shorten down to 10ps.

sunmary | P> A Special section for this purpose is placed at
downstream of Electron gun: Bunching section
— SHB : 216.7 MHz + 433 Mhz.

— Buncher : 1.3 6 Hz NC tube.

Electron S(_Ju_rce _ . 20-28 October 2008 30
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l.lIE Bunching (2) B

oo | » Bunch length is 1ns at the exit of Electron gun.
emission | B RF cavity make velocity modulation within the bunch.
F;'“'"Tized — Bunch head is decelerated -> slower.
ecrtron
— Bunch tail is accelerated -> faster.
Electron
Gun » By drifting a correct length, the bunch length

becomes shorter.

sslel » Acceleration by high gradient RF cavity for the whole
Laser bunch, compensates the velocity modulation and the
beam becomes rigid.

Summary

Egun RF cavity Drift space RF cavity

Electron S(_)u_rce _ . 20-28 October 2008 31
Masao Kuriki (Hiroshima/KEK) 3rd International Accelerator School for Linear Colliders

- o e, TE =




] . %ﬁ;xfif;n
u’E Energy Compressmn(i@“—»m .

Electron » According to a simulation, the energy spread is 2%,
Emission which is larger than DR acceptance, 1%.
Polarized

» Energy compressor by de/acceleration at the

Electron . . .
. dispersive area is added before the DR.
ectron
Gun » After the energy compression, the energy spread is
ILC Electron 0.5%, which is in tolerance.
Source
5100 [ N , 5100 7
Laser AF | | | ol gl
g s s ) VA
5050 ‘ 5050 E
Summary % ‘ %
< 5000 < 5000
g 5
N 4950 ) 4950
Ty 20 =il i 10 20 4908[11488 i 8489 8490 8491 8492 8493
z(om)
Electron Source 20-28 October 2008 32
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u’E HV Operation (1) B s

cleciron | P Instead of the energy compressor, shorter bunch

Emission length in accelerator make the energy spread after
Polarized acceleration smaller.
Electron

» Since the bunch length at the gun exit is determined
Electron o . .
Gun by the space charge limit, higher voltage operation

WM makes a higher peak current and bunch length can be
Source shorter.

Laser | P Short bunch length has merits
— Simpler bunching section

Summary — Energy spread after acceleration is smaller and possibly
omitting the energy compressor section.

» For higher voltage operation, dark current by field
emission from electrode surface should be
suppressed.

Electron S(_Ju_rce _ . 20-28 October 2008 33
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u’E HV Operation (2) ==c.-

Electron M. Yamamoto on behalf of F. Furuta
Emission
e Nagoya & KEK
Polarized gap separation=0.5mm
Electron Clean-Z (Re-Melted SUS316L)
Electron = 1200 Electro-buff polishing
Gun =
E Copper (OFHC)
ILC Electron m precision diamond machining
Source o ( no polishing )
s
Laser <
<
a
Summary
50 100 Pure Mo (poly-crystal 5N)
FIELD GRADIENT [MV/m] Only diamond buff polishing
A point to note ...
Only 7mm? area exposed maximum field gradient.
ILCWS2005, Snowmass
Electron Source 20-28 October 2008 34
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l'lll‘: HV Operation (3) T

Electron | High field DC Polarized
Emission
Electron Gun@Nagoya
Polarized
Electron
Electron
Gun
ILC Electron
Source
Laser
8.2nCllbu!nch!; V
_ (FWHM~1.6ns) >
Summary g
L
5 R
| £ 40 SR U S SN BSS S
I s
200kV Tt
I  1.4nCluJ
power 1 ~ QE~22x10°
supply ST 3 s e 71 s
— Laser Energy(uJ)
Electron Source 20-28 October 2008 35
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Electron Source

Laser for Photo-Cathode=:.-~

» Laser is one of the most important element of
the photo-cathode gun, especially, the ILC
electron gun.

» Beam performance is mostly determined by
the laser.

— Temporal structure : 1ns bunch length, 3MHz
repetition, 0.9 ms macro pulse.

— Beam emittance : 10 prad.

— Polarization :circular polarization and wave
length optimization around 800nm.

> A laser system, which meets fully ILC
requirements, is not available commercially.

20-28 October 2008 36
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ile Ti:ALO: T

-en 1 > Spontaneous mode-locking by Carr effect,
Polarized bunch length > 17fs .

“ern | p Wide band width for lasing (700-1100nm), wave

Electron

Gur length tune-ability by filtering.

ILcElectron B> Require 488nm light for pumping; SH of

Source

Nd:YAG/YLF is employed limiting the efficiency
from the pumping power to the laser light.

summary | P> Luminescence time is 3.2 ps, which is not
suitable o form a long macro pulse.

Electron Source 20-28 October 2008 37
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e ' i
it Yb fiber laser 2 .

cociron | P Double clad-core optical fiber.

Emis‘sion » Light from InGaAs LD (940nm) is introduce to 1
Polarized CICld for' pumplng

Electron
Eleciron | P> Signal propagates in the inner core, where Yb ion is
- doped, and is amplified by stimulated emission.

ILC Electron .
sorce | P> High efficiency, low-loss, high-power, very stable.

a N

17 Pumping light

Summary

LD

Yh ion laser signal

- /

Electron Source 20-28 October 2008 38
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o

:p Laser Medium Summary I gy

Electron | |IENSE@GYAEI Ti:Al203

Emission | KYVE length (nm) 700-1100

LRy B VW ave length tune-

Electron | EliiiaY XS
SpeseaRl ] uminescence time 3 Hs
Gun Pump light (nm) 488
ILC Electron Marginal
Source _
Wavelength is
tunable,
unstable
Summary
Feasible, but
Feasibility as ILC  macro pulse
driver generation is
an issue.
Electron Source 20-28 October 2008
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No

1000
940
Excellent

Excellent

stability by LD
pumping,
High power

Feasible if the
wave length
can be tunable.

39



,'.,IE Laser : ILC Baseline Design (SEAGY -~

Electron | P Ti:Al2Os mode lock + 3MHz pulse picker by Pockels
“missen 1 cell makes a pulse train.

Polarized

tlectron | P Macro-pulse amplification by Ti:Al2Os crystal

Electron pumped by SH of Nd:YAG.

= » Wave length is tunable. It is an extension of the
Laser existing technology, but the stability could not be
ILC Electron adequa’re.

Source DY
Summary
/
Electron Source 20-28 October 2008 40
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ip

e Yb:YAG fiber laser + OPFL cLic=

Emission

NOPA.,

Polarized
Electron

Electron

cin | »Yb fiber laser
allows high
power up fo
several kW and
high stability.

» Wave length
tunability by
NOPA.

ILC Electron
Source

Summary

Electron Source
Masao Kuriki (Hiroshima/KEK)

» LD pumped-full solid super stable laser.

Secron | - Yh:YAG mode lock + PP + Yb: fiber laser amp. +

3rd International Accelerator School for Linear Colliders

a I
Yh:YAG ML Yb fiber laser
oscillator
Signal 780 nm
Idler 1500 nm Beam SHG
Splitter BRO
g J
20-28 October 2008 41
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Summary

» Wave-length tunability is implemented by Opftical
Parametric effects.

» Harmonic Generation : w=2w, 3w, ...
— Non-linear polarization of atom is induced by focusing

laser light in the non-linear crystal (KPD,BBO,etc).

— If the phase matching condition is satisfied, higher
harmonics is emitted from the polarized atoms.

— Generally, diffraction index is increased by frequency
(normal dispersion); the matching condition is satisfied

only by material, which has double refraction.
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Electron *Non-collinear Parametric Amplification
Emission

wieq | »Parametric amplification with non-collinear
Electron condition make a wave length tune-ability by
sectron | changing the angle.

Gun
ILC Electron — For example, 515nm (Driver) -> 800nm(signal) +
Source 1500nm (Idler).

» T+ extends our selection range for laser system.
- Yb:YAG + Yb fiber for ILC/ERL driver.

Summary
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"lE Summary T

g‘ffs:‘;:‘] » Fundamentals of electro-emission and electron
gun are explained.

Polarized
Electron

- » Polarized electron is generated by photo-
cn | emission from NEA GaAs cathode with
ricelectron  Circularly polarized laser.

Source

» Laser is an important device, which determine
performance of photo-cathode gun.

» ILC electron source is DC bias gun with NEA
GaAs.

Laser
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