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«et+e- collision is a simple interaction.
«Theinitial statesiswell def ned.

«Easy to reconstruct the f nal states.
«Thisfull reconstruction is powerful and

X state

essential for e'e colliders.
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Hadron Collider /@ (u)
oo %

* Collision between composite particles (protons).
* Initial stateis not def ned.
* Extremely high energy, high event rate, large noise.

* Collision between elementary particles (Ieptons)
¢t Theinitial stateiswell def hed.

"« Full reconstruction of. events.




cdlefined Initizl gtates

W
Electron and position are spin %2 fermions. Two elgen spin states.

In SU(2)xU(1) gauge theory, these two spin eigen states are
different particles which has different weak |so-spin and hyper

|deal well def ned initial states means that the beam contains only
one spin state.

Practicaly, the beam should be polarized. ol
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S - What isthe injector?
» Generate accelerate-able particle beams,
- What is the accelerate-able beams?

Right amount : Charge

Right shape : Beam size, emittance, bunch length
Right direction: along beam line

Right time : timing, phase

Injector Accelerator Transport line IP




» Generate el ectron beam
» Right amount : Charge

- Right direction: beam line

/ Extraction Field




- Bunching : Bunch the beam. What is the bunch?

- Beam : collimated particle f bw.

- Bunch : collimated and clustered particle f bw. The
length should be short enough comparing to the RF
period for uniform acceleration.
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- Bunching: Shorten the longitudinal length of the beam.

- Right shape : Beam size, emittance,bunch length

- Right time : timing, phase




Thermionic Cathode
Photo-cathode
Field emitter

CW Beam
Long bunch beam
Short bunch beam

DC field
RF field

7

Extractlo Fi

Pre-buncher
Sub Harmonic Buncher
Buncher
/

To Acc.




Electron Emission
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undamental ProcCess
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Photo-electron emission
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Elechronlc States

» Electrons are conf ned in awell
potential.

« At T=0, electrons are in ground _
states. - Well potenti

Vacuum
| (free space)

Q)

-« AtT>0, some€lectrons are
e excited by thermal energy.
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- Electrons are distributed
according to Fermi-Dirac Vacuum Level

Distributton. 4 a4

Work

Fermi energy : the maximum Function ¢
electron energy state at T=0.

Work-function : height of the
vacuum cliff from the Fermi
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Once they are excited....
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Electron density in a metal is product of state density
D(€) and distribution function f(€),

‘o i ' ‘J C | 1 ~ ~
IHlectronic sStates! (2)

n(e)=D(e) [ (e) (1-1)
_State density in phase space (X, vx) — (x+dx, vx+dvx)....
® D= (1-2)

Distribution function f(¢) is given by Fermi-Dirac

function 1
Gl
oxp| )
Number of electron with energy e<E is
=/, fleDle)de  (1-4)

b e i ey
\ ;
L ) -\.

'-n."-r T e, “‘-ﬂ.

o e

a- < 6. Ct\\ Nof W] 1stlerfCan d u.‘ _

00 Sc 00l for Linea
b i,




» |f the temperature is suff ciently
high, so that electrons are
distributed up to more than the
vacuum level (EO)’ the electrons ‘ Vacuum level

escape out to the outside.

» The gap between the vacuum level
and the Fermi energy is Work
function, ¢, which characterize the
thermal emission.
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Ikmission Dens

Number of emitted electron:
In depth (z-direction)

e AN (1-5)
Kinetic energy for z-direction must be more than
vacuum potential energy, y+®

v >V E\/—Z(M—I—q)) (1-6)

m

Number of electron emitted from the cathode is give
by

AJI
1

material

vacuum

-

dz=vzdt

N=[ac[ay[" @[ av. ] av,[ av.f(e)Dle) (1-7
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By integrating X, y, z and inserting distribution function,

2m3 +o0 +o0 + o0 v

: (1-8)

€e—H
+1
kT

exp

From this eguation, emission density per unit timeis

obtained
N 2m +00 +00 +00 V
0= dv,] dv dv. — (1-9)
AxAyAt f 7V exp —EkTM)-I—l
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Kmission D
Because e-u>KT, f(€) is approximated as

1
e~

L]
=

~exp
exp

The density issimplif ed as

3
2m +o0 +o0 + o0 M
s s dv . f_oo dvyfvm dv_v_exp|——

Replacing the energy with the velocity,

2 2 2
e vx—l—vy—|—vz)
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Integral for vx and vy can be performed as

—1n(vi+;vi)
2kT

:2nkT
m

(1-13)

and for vz as

J<+oo d _mvi iy kT _mViac (1 14)
Sl e d e T
we obtain
Artmk’T’
o= exp|— (1—15)

Electric current dens t)f’ Jisgiv Iﬁy)
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4Ttemk

A= =1.20x10°[4/m’ K]

A : thermionic emission constant

T: Temperature (K)

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

m : electron mass

h : Plank constant ; 6.63E-34 (Js)
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» FE iséectron emission observed
from cold (not hot) material when a

high electric f d is applied.

- Largesurfacef eld makes the
potential barrier very thin.

« Thetunnel current becomes
signif cant with >1E+8 V/m.
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Vacuum level

Effective
Potential

Electron Tunneling U=Eo-eFz
density probability

P(e_, F)=exp




By Taylor expansion,

3/2

(Ey—e,)?=|d+(n—¢,) =<I>3’2+%<I>”2(u —€,)  (1-21)
In the low temperature limit, the current density Is

4mtem (» V2m
J(F)= . J, de.(u—e )exp —87c3heF(E0—eZ)
_4mem —81tV2m 3,2 v2m |, 12,
e exp 3heF fdeeexp —4 1T heFCI) €l (1-22)
where '= - .
3 2 /
e F 8Tl- 2m 3/2
W= —— 1-23
Ersadl s

(Fowler-Nordheim formula)
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Fowler-Nordrielrn Plot
Fowler-Nordheim formula with f eld enhancement factor

S e
ST X~ hexr? |
H: local f eld enhancement by surface condition,

Taking In(JF?) and plotting as a function of 1/F,

ENES) e
8vV2m 3| 1
In|J/F?=n|-22 |- (s
np ) e e o
The gradient gives information on the surface
condition, H.

(RF case)

SRS
e K F*

(1-24)
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Errlsslon Densly (1)

Photo-€electron current density is given by

1+exp (Mk—TE)

4T[ekaPf

h E,—hv

J= de_In (1-27)

where P is transition probability by photon excitation. For further
manipulation, replacing y=( -+h -Eo)/KT and =h( - o)/kT,

4w emkT = (n—¢)
J= = PfE . de Infl1+exp T
47[8’;;]( r Pf dyln|1+exp(d—y)] (1-29)
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=rrllsslon Denslty (2)

:f:dyln[lJrea_yl (1-30)
(@ =h( - 0)/KT <O (ph. energy islessthan FE)
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FPrigio-glecir or) Eralssi o)

 Electron emission by photo- :
electron effect. | T Vacuurm lovel

» Photons excite electrons into
higher energy states.

If the states are higher than
the vacuum level, the
el ectrons goes to vacuum.

Condition for photo-emission
IS approximately,
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=rrllsslon Denslty (3)
(b) =h( - o)/KT >0 (ph. energy is more than FE),

[ ay+ ]’ dy)[ln(1+e6‘y)]

(b-1) f rst integral, w= -y
fz dyln(l—l—eé_y)zfz dwln(1+e")

=fz dw[w+ln(1+e_w)]




Errllsslon Denslty (4
(b-2) second integral, w=y-
f:dyln(l—l—eé_y)zf:dwln(l—l—e_w)

=lwin(1+e™))y + [, dw—"—(1-36)
thef st term of rhsis 0 and the second termis ' ¢

2
fodwlww=n (1-37)

12
Finally, sum of (b-1) + (b-2) givesf( )




Quantum Eff ciency, , ispractically used to qualify the photo-
electron emission

__number of photo electrons

1—40
number of photons ( )

With practical units,

J|nA]
PluW |\[nm]

nl%|=124 (1—41)
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Fowler Ecjuziilof)

- Fowler equation gives
photo-current spectrum.

» The absolute density is
hard to estimate because P
depends on the surface
condition.

I/(PAKA2TA2)
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Prigto-ceitriocle
- Basically, all solid material can be used as photo-
cathode.

» The light wave length has to be shorter than the
- threshold wavelength of the photo-electron effect.

- Metal is popular as photo-cathode for accelerator.

« Semi-conductor is popular as photo-cathode for Photo-
tube, since the high QE and operable for wide
wavelength region.

- Semi-conductor becomes popular as photo-cathode for
accelerator too, because the high QE, longer wavelength,
and polarization.

* |nsulator is hardly used as photo-cathode because it is
«.  operable only with tiny current. Otherwise, it is charged
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\Vietall Carede

Vacuum state * Fermilevel is in a
band.

Work - Emission threshold =
function work function.

 Work-function is in
UV.

« QE is generally low,
0.01% - 0.001 %.

- Temporal response is
fast <ps.

* Cu, Mg, Ag, are
popular.

Fermi level

Energy level

e

E .

Density of States = =
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Semiconauctor

Vacuum state

Fermi level

AA
Work

function

y

[
>
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>
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-
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Y. Emission
threshold

iriocle

Fermi level is in a
band gap.

Emission threshold >
work function.

Emission threshold is
from VL to UV.

QE is high for certain
material, more than
10%.

Temporal response is
slow > ps.

Cs2Te, CsKaoSh,
NaK28b, LaBes, etc.




Polze

- Polarized Electron is generated
by photo-emission with GaAs
semiconductor cathode.

It is essential for polarization that
GaAs isdirect transition type
semiconductor.

Transition from the valence band
(VB) to conduction band (CB)
by circularly polarized photon is
spin dependent.
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Lxcitation
> Trangition probability ~ Fermi's golden rule

2
W, === M D(hw) [ (E)
> M: Matrix element

> D: joint density of states of hw photon
o f: fermi distribution function

» Considering only near the band gap, the transition
probability is proportiona to M=

“
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I\/r’ X rl |

> Band gap of GaAs IS

> Vaence Band:
o J|3/2,£3/2> (heavy hole)

srrgry
point ( k=0).

Aemp
C
|—|:
@)
| £
(
“I\
/)

o JF[3/2, £1/2> (light hole). Conduction
> Conduction Band: band
S asiipeEEn e e IR S
> Matrix Element of transition (Clebsh- Enc
Gordon coef.) K

D Heavyhole /2
o Light hole: 1/2

Valence m
hh
band Ih
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Polzneizaipion
mj=-1/2 +1/2
- Energy and helicity Ly :
limitation, only two of six

transitions are possible.

« Number of excited electron
are polarized by 3:1 matrix
amplitude.

mj=-3/2

-1/2 +1/2@

mj=-1/2 +1/2

Unstrained Ga As

+3/2

Eg=1.43eV

Y

AE =34 eV

spin orbit



Pollariizatien Ennancement

 Further enhancement by breaking
the degeneration.

» Itisachieved by GaAsGaAsP
Strained Super-lattice Crystal. ke

or  AlGaAs

Strain Axis Parallel to Conduction l
Incident Photon Axis mini-band t e
(T J =-1/z +1/e ; .
4 T I
En
B Eg=1.43 eV
1'*':. Heavy hole |

—_ Light hol
+3f2 AE . =05 eV n-igii-ba%?i

strain e
Ly LB

r

ﬂEtspm orbif

a4 el

172 +172

m, =- 12 m
(b) Stralned Ga As




Y

Spin-polarization (%)

Super-lattice structure
to break the
degeneration.

The polarization is
maximized when the
laser wavelength is
matched to the band

GaAs /GaAs, ¢, P15
Strain relaxed

super-lattice
24 layer

Aly 1Gag gAs) 1Py 19
Buffer layer

GﬂP:Base plate o0

» 92% polarization, 1.6% QE

S —

Quantum efficiency (%)




To extract the excited electron in CB
to vacuum, surface strucureis
Important.

NEA (Negative Electron Affnitiy)
surface is artif cially made.

Vacuum-

NEA surface : vacuum potentia is v
lower than CB bottom. EA
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LA guerace (4)
- NEA surface is made by evaporation of Cs and O2/NFzon
cleaned GaAs.

« GaAs:. chemical etching by H2S04 and treatment by HCI-
| sopropanol solution followed by heat cleaning.

» Alternating deposition of Cs and Oz/NFs.

- Theprocess should be made "
in extremely low vacuum R |
pressure, <5.0E-9Pa. 10
_ 8 ,_
S :
<
0
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Related Physics Process
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Roll of thet &ld

JElectrons in cathode is tightly bond by the potential.

> The external f eld on the cathode surface is important not
only to lead the beam, but also to extract the beam from
the cathode.

sSurface f eld modif es the work function of cathode.
(Schottky effect)

> The emittable current density is limited by the coulomb
potential of the beam and the external f eld.

(Space charge limitation)

'\\ux.
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Cathode
surface

| e’
4e (22)2
Potential of the mirror charge

(2-1)

Mirror charge force
*© e

dz '

2
Z 4!

e o

o e —___,__ - — s
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Senoticy =ffec

Mirror charge potential and
external f eld give

2
e

16TTez

2 e 2

Maximum ., » —L1,_¢

e ANSTer
el
V., . =V,— 24
max 0 e\/4Tl'€ ( )

Effective work function

q)(E):Vmax W= q)O_e
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Spece Crieirga Ll

y
Electron terminates the Cathode
electric f lix (Gausss law).

Electric f eld isweakened
by the space charge.

When all f Lix Isterminated
by the charge, the f eld at

the cathode surface is
dlsappeared (no further

+ ++ +++ + + + +
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Multiplying 2(dV/dz) and integrating both sides,

dV(Z) : 4]\/7 1/2
o 2€V<Z) (2—11)

Taking sguare root of both sides and integrate it again,

4 3/4_\/4J4m
3V = EO\/2eZ (2-12)

€, 2—6 V(Z)3/2




SC Elpnltee Current ()

Substituting the anode conditions, the space charge limited current
density is obtained as
S

J(V,,d)=233%x10"°

5 (2—14)
d
V(2), E(z), (z) are expressed asafunction of z

o |34
Viz)=V ,|= (2-15)
d
aviz) 4V, y
E<Z>:_7:_§d4i} Z1 . (2_16)
4e, V —9/3
p(Z)Z—TOd—JgZ (2—17)
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Crild-Lerigrnulr Eawy

If the cathode emission density is more than the space
charge limit, the current isgiven by C-L law

Sy
d’

[=2.33x10 = PY° (A O

V and d : voltage and distance between two electr odes.
S: cathodearea
P : perveance def ned as;

P=233x10"°2(47 )  (2-19)
d’

b %,
1% !

o ®

'h.."'h- e
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PIC Gilip) eleslen (ZB) SC Elppllice
2D case solution for SC limited f bw;

V(Z,y)=VAm[(Zdt/isy) ] y 4

~ VA(z2+y2)2’3cos§e (2—22)

V=0 equi-potential line:
3

cos§ 920—>9=§T(
By setting an electrode (Wehnelt)
with thisangle, SCL f bw is
- produced.




DC Gur clesigr) : Reel geaprieiry

By setting Wehnelt and \Wehnelt electrode
anode el ectrodes to
reproduce the potential,
SC limited current is
- extracted from the
~ cahode.
«This isPierce type gun;
«Conventional type,
«DC bias voltage,

«Thermionic cathode,
«Continous beam.

Anode electrode

'lq.'\n- i
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Sozice Chizir g Forca (L)

The space charge force causes various beam quality
degradations, e.g. bunch lengthening, emittance growth, tune
shift, etc. The effect is suppressed by acceleration because it

scaled as 1/y-.
Consider acylindrical beam with a constant density.
E= Nf r (2-23)
AL Gy

magnetic f Lix density by the current,

Blr)= ?f P I drt (2-24)
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Current density Is

The magnetic f Lix isgiven as

B(’”)=HONeECr (2—26)
The Lorentz force to electron is 2ma
FecE+epcB=—YeT (1_gYg
2na £,
- s _h%2r o
which is scaled as 1/y-. = e
2ma e,y
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Emittance is def ned as area in the phase space where particles
occupy. The phase space is def ned x and x'=dx/ds

Sl e pxw
x—dS— = (2—28) i

e Ds
In general, RM S emittance is given as

e, =V (XD —(xx)®  (2-29)

If thereis no correlation between x and X',




Norrriedlzeel erp)liiaince

In acceleration, transverse momentum px IS conserved, but the total
momentum p is increased as

Px 1 P2 p=ypmec (2-31)

>

The emittance i§ inversely scaled. To avoid the energy dependence
() onthe emittance, the normalized emittance is def ned

‘;&j (:t\‘ NOV /] S
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W hat Is matter on Emit

«Emittance shows the quality of the beam.
«Small emittance beam can be focused down to a small spot size.
«Small emittance beam can be extremely paralldl.

« The shape of the beam depends on the optics, but the emittanceis
Invariant in the frame of linear optics.

Llnear
Optlcs

i . 7 | o
.. ""' ,
2 ..__ _ oy
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B b, L, Sy
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«Everybody wants small emittance beam, but what is the limit?

«One of the limit is the intrinsc emittance which the emitted beam
from the cathode already has.

« The source of the intrinsic emittance of cathode isthermal energy
and laser energy (photo-cathode case).

T Ml : 1“'--.n‘,
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Emiiitance o B e
Thermionic Catl

(N

frlfrof
ocle (1)

(._I.
‘_f

Thermionic electron emission density is already obtained

41Tm P (2-33)

Total transverse energy of emitted electron is obtained with a
similar calculation as

4nm i €. TE~U
B w) €, ), d€€exp|— k]i )
4Trm P
kT) (2—34)

The average transverse energy per electron is

(2—-35)

= m
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Emiittance o Beam [iom
Trermilonic Cairacle (2)

Thermal energy Is,

The transverse emittanceis
£ =\/<x2><x'2>= 1 X {pr e
Substituting the thermal energy <px>_ e >_kT emittanceis

2m

k' _ 1 R | kT
£,= yB\/< X = yﬁz\/ (2-38)
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Efrlltizrice of Bezinn fr o
Frigio-cziriocle (1)
Transverse energy from photo-emission is

2
4t m pe o ER e
= E fquc])—hvdEZfO d €, €,|exp T +1

With T=0 approximation,

d1tm pu u—e,
8= E fp+¢—hvd€2]‘0 de,e,

_4mm (hv =)

(2—41)




)

Efrlltizinice of Becirn) fr o)
Frigic-ceiriocle (2)
Average of the transverse energy Is

dtm pn u—e,
N= JE fu+¢—hvd€2fo de,
E;_h\/_q)

RS TN,
The momentum is

Emittanceis

' 1stlerfCan d h'_‘,_._




Efrlltizinice of Beeirr) fr o)
Frigig-cairiocle (3
Acounting thermal energy, the transverse energy becomes

E, hv— q> kT
€, = 21\} - 2 (2—47)

The transverse emittance is

h g
Ex:LE\/ ke j’+sz (2—48)
YB 2 | 3mc mc

snx—z\/hv e i (2—49)

3mc” m02
Y ‘ﬁﬁ ; ~
g, - -y
*ﬁ.

r
A L]
- - L i
p b e =
'u..,
'h.."'h-‘-
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Buricr Cornoressior (1)

- Inany RF accelerators, the beam should be concentrated ina
short period of longitudinal space for small energy spread;

* E=Eoccos(wt-ks), k [«1 for eff Cient acceleration.

» Bunch compressor(buncher) shorten the bunch length down to
an adequate size for acceleration.

E field

'\ ""'l-“;..

i
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Bunch Compression (2)

« There are two ways for bunch compression:
« Velocity Bunching
« Magnetic Bunching
» Velocity bunching is effective only for low energy;

» Some particle source can generate only long bunch or continuous
beam.

« It should be bunched for RF acceleration.

« Magnetic bunching is effective for all energy region.

« Itisemployed sometimes to get extremely short buhc after
acceleration.

« Itisalso used to compensate the bunch lengthning in DR for Linear
colliders.

» - . "‘-._“
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Velocity bunching (1)
« Bunch compression is performed by velocity modulation within
a bunch;

« Bunch head is decel erated.
« Bunchtall is accelerated.

« Velocity iIs modulated by energy modulation according to

chcq/l—L2 (2—54)
Y

* Veocity issaturated to c at y>>1. Then, it works only for low
energy particle (p<1).

= 1._‘__“.

;ai < ‘ii (:t\\ Nof Wi 1stlerfCan d u.~ ~ 8

155 Ih‘ 2 Sc ft '7* L
b i,

"h"-“'l.‘..




Velgalty Bunening (2)

Energy modulation by RF cavity,

dsin(wt)
dt
In linear approximation,

dE=eV s ss)

dE eV, i
> I w dt (2—56) Accelerate Deccelerate | gngitudinal
0 0 N position

Next higher order




Velgelty BLUncnirig (8)

» After energy modulation, drift the
beam

» |f dT equalsto -dt, all particlesare
gathered at the bunch center.

- pBecause dl electrons concentrate

at t=0 position, RF phase of bunching
determines the bunch longitudinal
position.

» It works only for low energy.

‘
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- Energy Modulation : RF cavity.

- Dispersive section : different path for different energy.

- Bunch head (tail) travels longer (shorter) path and bunch
length becomes shorter.

.............
-r
-

LA
=%
L]

-z g T
‘ Tail ‘ | ............... lower energy trajectory
e (advance)

Head (delay) center energy trajectory

--------------- higher energy trajectory

By E.S. Kim
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« Bunch compression is performed by energy modulation with
dispersive path length difference.

- Chicane, Wiggler, Arc, etc.

- A path length difference by a dispersive section, Az is

Azzn,AITP (2—59)

=fL dsg (2—60)

It works well for any energy particle.

= m
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« Bunching can be formalized with
transfer matrix in linear 5(AE/E)
approximation.

- Energy modulation is made by Z A
RF (acc- and deceleration). o
- Drift space (velocity bunching) &

or drift through a dispersive

section (magnetic bunching) & -
rotates the beam in phase space. %
. The bunch rotates 90 deg. 2

g ™
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« Bunching can be formalized with
transfer matrix in linear 5(AE/E)
approximation.

- Energy modulation is made by Z A
RF (acc- and deceleration). o
- Drift space (velocity bunching) &

or drift through a dispersive

section (magnetic bunching) & -
rotates the beam in phase space. %
. The bunch rotates 90 deg. 2

g ™

: _‘__L
et - s >

fhistler, Canada-

\ccelerator School for Linear Colliders
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R-matrices

Drift space:

Dispersive section:

RF Energy modulation




Lommon formalism (3)
Total Transfer Matrix of BC section.

z(s,)
6<52)

AE/E
0 1 S SIE)

:ll R

1 0]lz(s,)
R65 1.6(30)

Bl 1+ RssRes  Rsq || 2(50)
Res 1 . S ()

Bunching condition : 1+RssRe=0
Velocity bunching:

L eV, w
4=/ i == =0 2—67
-56 65 | yzﬁz E BC ( )
Magnetic bunching:
eV, w

1+R56R65_1+n1?§_0 (2—68)

‘ - #5*"*

(2—66)

B .
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«\When the bunching condition is
satisf ed,

"qll

> O(AE/E)
0 Ry z(s,) (2—68)
Res 1 ||8(sg) '
«The position z(s:) does not depends ‘

on z(o).
- Thisis agood mechanism to stabilize
the bunch position. ‘

R56

‘
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Final bunch Iength after an optl mlzed BC
determined by the initial energy spread,

Z,=R.0, (2-69)

The actual bunch length isalso limited
by non-linearity.

Sl 2)

on (1+RssRes=0) IS

5(AE/E)

= m

t >:_| Sc ' 0 ,_,x.j
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Erler gy Corngressl o)

Energy compression is areverse process of the bunch compression.
Bean transfere by dispersive section (Rss) and energy modulation (Res)
IS

z(sz) | FRl sl ll R Z(SO) 5(AE/E)
6(Sz) Res 110 1 6(50)

= Pt Rsg Z(So) >

2 Res 1+ RsgRes 6(So) )

Matching condition for energy
COMPressionis | .p p —o (-7

Thef nal energy spread is

=2z (5,) Res (2-73)
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Electron Gun
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— et —..-. .
., Whistler, Canada- =
- —— - s b "'Iu-" FI- .:.uln- b



-

Electron Gun

Cathode Extraction Field Comments
Piercetype
(thermionic DC)
Photo Cathode
DC Gun
Photo-cathode RF
Gun
Thermionic RF
Gun

Thermal Static Still conventional
Photo-electron Static For specia cathode
Photo-€electron RF Advanced

Thermal RF Advanced

-;.- 3
v Ty, - — -
\'\._ 0 -
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Triermionic DC gur)

Thermionic cathode with DC hias.
It isaconventional gun widely used.
Continous beam or clocirode

Bunched beam by grid switching, but
the bunch length is down to ~1ns.

Energy at the gun exit is

\ *-.‘_
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Triermionic Gur [
A tyolcal corlf gureilo

()

- The beam emission is controlled by grid bias. The
primary bunching and bunch repetition is determined
by the grid pulse duration and repetition.

- The bunch length is shortened by bunchers for
further acceleration.

Cathode

SHB cavity Drift space Accelerator




Thermionic Gun:
A tyoleeal cornlf g aiior (2)

 Electron beam is extracted from thermionic gun continuously.

» RF cavity (Pre-Buncher) modulates the velocity of the electron
beam. After some drift, the beam is bunched.

» The bunch repetition is determined by the Pre-Buncher frequency.
» Further bunching is made by SHB and Buncher.

Cathode B
PB SHB Accelerator

I Drift space Drift space

- R W I - . » » » I—h‘



Trierrrionic Cainocle

» According to Richardson-Dushman equation, material with
low work-function operated at high temperature isfavor to
generate high density electron beam.

- Practical operation temperature is limited by the operable
temperature Te which 10 atomic layers are lost per second at.

« Figure of merit of thermionic cathode is

N=7- B2

“
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Thermionic Cathode

« [Te<2.0ispractically used as thermionic cathode.

- Impregnated type BaO cathode is widely used for
conventional accelerator.

« CeBs and LaBs have advantage for high-brightness beam
generation.

Material A(ev) Te (K) ATe(x1E+3)

W 4.5 2860 1.57
Ta 4.1 2680 1.53
Mo 4.2 2230 1.88
Cs 1.9 320 5.94
Th-W 2.6 1800 1.44
BaO 1.0 1400 0.71
CeBes 2.5 1400 1.79
1.79




Electron beam is generated by
Photo-emission with laser.

The bunch structure (repetition and
duration) is determined by the laser.

Beam extraction by a static electric
f eld.

Beam energy at the gun exit is
determined by the bias voltage,

K=ty —1)mc’=eV.  (3-3)
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Prigig-Cziirjocle DC G (2)

- Because the velocity at the gun exit isslow, thef rst cavity Is
“low cavity”, which synchronizes with the low speed beam.

- Time duration, in which the bunch travels cell length, L, hasto
be synchronize to the phase advance per cell.

L

cell — 2 f B <3_2>

L

’ Laser

low B cavity Accelerator




» In some case, SHB is placed for bunching.
- Low-beta cavity followed by accelerator.

Laser ’

’ SHB Drift space low [3 cavity Accelerator

e

Cathode

{:”*ﬂ t\.ﬁ Nof,.f, lst eFCan da -,, S

g _-_',. A ‘..,-!u h Sc “_'H'. o AT -:"'__w,l._




Y Qgereijop (1)

» Since the bunch length at the gun exit is determined by the
gpace charge limit, higher voltage operation makes a higher
peak current and bunch length can be shorter.

» Short bunch length from gun has merits
Simpler bunching section,
Energy spread after acceleration is smaller,

« For higher voltage operation, dark current by f eld emission
from electrode surface should be suppressed.

I, J‘k E
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rY Operzailor (2)

V. ce€e€ctt ¢C 2 Fa ¢ . 0E

gap separation=0.5mm

Materials & Finishing

Clean-Z (Re-Melted SUS316L)
Electro-buff polishing

-
ra
=2
=]

Copper (OFHC)
precision diamond machining
( no polishing )

_____ ¥ (J1S grade-2)
: Only buff polishing

DARK CURREENT [pA]

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

26 Oct. -6 NOV Whlstler, Canada

tOI‘ S_c_l_lﬂ(ﬂ fo ) __ near. -




FY Ogeraiion (3

« Future light source based on
ERL employs PC-DC gun. S, Y terminal

» For extremely low emittance,
HV operation Is essential.




rY operetion (4)

Segmented ceramic.
Guard ring for FE electron.
HV conditioning up to 550kV.

8 hour stable operation at
500kV without any damage.

It iIsaworld record of PC DC
gun.

Applied voltage (kV)




RF Gun (1)

RF f eld for beam extraction.

Electron beam Is generated inside of the cavity.

L aser photo-cathode type is popular.

,J Beam from thermionic cathode type has a wide energy spred.

Electric field

electron beam

Cathode




R GUn(Z)

- Typical cavity conf gurationis 1.5 cells.
« TMOL, pi-mode.
- Energy at the gun exit is given by

Kz(y—l)mczzf eE(z,t)cp(t)dt

:IeJﬁcos(mt—¢)cB(t)dt (3—4)

P: RF input power,
R:shunt impedance
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Electron sourcefor Linear Colliders
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Parameters

Pulse length 0.9ms
Pulse repetition frep SHz

# of bunches in a pulse ne 2625 (1310)
Bunch separation 369(670)ns
# of electrons in a bunch N 2x10™
Micro bunch length at source 1ns
Peak current 3.2A
Electron Polarization 80%

\ "'lt- . ~ e
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Macro Pulse

Micro Pulse

S69ns 1ns A10ps 3.2nC

LTI




dNnccir
Hasic Cot

N

- NEA GaAS cathode with
circularly polarized laser is
the only solution for
polarized electrons.

Beam extraction by a static
electric f eld (DC photo-
cathode gun) because RF
gun is not compatible with
GaAs cathode.
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Blifen exifalierlon
Required Laser Pulse Energy

160

«From QE vs Polarization curve,
required laser pulse energy is
decided.

2

Polarization(%)
$

124X Q[nC]

EL[MJ]:

N
—
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Blifen exifalierlon
Bunch shape

«GaAs cathode is only sV
operable in DC bias gun I 4Im’]=2.33%10 e
structure. The space charge

limit gives possible charge

density, J. 1[A]=JS
«Assuming aresonable to

spot size, the bunch length
In time tv IS decided to
extract 3.2nC bunch
charge.

|
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Irijecior Deslo)p)

- |If the bunch length at gun t» Is adequate for RF acceleration, any
bunching section is not needed.

» Otherwise, we need a bunching section.

» RF period for the bunching should be long enough comparing to
to for linear modulation.

» RF frequency for the bunching should be harmonics of bunch
repetition, i.e. RF of the main linac.

> tb T —n T mainRF

bunching

bunching

neN

r
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| _C Electr on Source

Damping Ring

Energy Compressicn

Spin Rotation

2x5MW
{1+ 1 spare) SCe LINAC (5.0 GeV)

SC tune-up dump (311 KW)
gx10MW

76 MeV - 5.0 GeV

Faraday Cup

NC tune-up dump (11,3 kW) and Mott Polarimeter
g 3 {13.5W)

DC Gun (2x)

3.

Energy Collimation oMW TOMW 10 MW
(Vertical Chicane) SPARE

433.3 MHz
216.7 MHz

L-band (f = 0.75) TW Bunching Drive
and Pre-Acceleration Laser

{above
Ground)

140 keV - 76 MeV

[rm—— s,

_ lgr—ﬁ ada_
‘! .
Iy
nl{

i
:
53
&

/



(/
(=
—
e b
(5
@
(P
(
-
0 )
t—
(D,
(P
l_

Iealt (1)

1 U' T I I I

—e— Bunch1i
—o— Bunch2

« For Linear colliders, multi-
bunch electron beam are
generated.

Charge (nC/bunch)

- Anomalous charge limit
phenomena is observed (Surface

0 | 1 l |

Charge Limit) for high intensity o 5 10 15 20
and multi-bunch beam Laser Energy (uJ/bunch)

25

generation. . 1 r -

Laser energy « 21.0pJd/bunch  + 25 pl/bunch
x 5.3 pJd/bunch o 0.6 pJbunch

Current (A)

(b)

20 30 40
Time (ns)

_SC "f-l. .,.H _'_

Eﬂi
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» Thesurface chargelimitis

caused by Photo-voltage effects;
» Some electrons, Jaurface IS
captured at BBR(Band Bending Excied '\
Region). Fecrn Jescape
- By the captured electrons, the T R ———
effective vacuum level is P l *’"\ﬁ Vecuum Lo
Increased. oo Qs
- Photo-voltage effects decrease Vet e
size of EA and limit the current. Hole )X
I"EE”
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Crieirge Lt (3

4 |

SCL was compensated by enhancement
of the recombination of the captured 3
electron. )

The recombination was boosted by
Increasing the positive carrier density in
VB by high p-doping.

Finally, 5.0A/cm? is achieved. It is more
than the requirement of 1LC gun.

ik
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T
=
£
=
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=
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&
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G
w
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E
L
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g
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(a) sample 1b(Na=0.5),
(b) sample 2a(Na=1.0), and
¢) sample 3(Na=2.0). The laser

(\T; 1s 1 to 150 W/cm2.

[= = I

£

50 100
Time (ns)
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Surtace C

« Super-lattice Cathode has an
advantage against SCL.

fletrge Ll (4)

o Jescape IS proportional to the size of
NEA.

« The effective size of NEA In
Super-lattice cathode is larger Banier  Barer Barier
than that of bulk-GaAs. Well Vel

| Electron

Conduction

-« The escape probability, Jesacape/ Jotar  Wini Banc
IS larger for Super-lattice cathode.

SCL current should be higher for
Super-lattice cathode.

x e ~ =
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» GaAs/GaAsP super lattice cathode for high polarization (90%)
and high QE (0.5%).

« Heavy P (Zn) -doped GaAs surface layer to suppress SCL..

- Cathode is operated in Space charge limit regime.

GaAs

or  AlGaAs Heavy p-doped GaAs  Spm
InGaAs i

Conduction
mini-band l
AE

GaAs, P,  4mm
GaAs !

Heavy hole GaAsumBuffer 2 LTy

mini-band

Light hole
mini-band

GaAs Substrate 350 um




surnening (L)
» According Child-Langmuir law, peak current of ILC Electron
gun (120kV, d~5cm, and 1cm diameter) is ~3A.
- Togenerate |ILC bunch (3.2nC), 1.1nsis necessary.

- Itissignif cantly longer than RF acceleration and should be
shorten down to 10ps.

» A specia section for this purpose is placed at downstream of
Electron gun: Bunching section

« SHB(Sub Harmonic Buncher)
216.7 MHz (1/6 of 1.3 GH2)

433 Mhz (1/3 of 1.3 GH2z)
Buncher : 1.3 G Hz NC tube.

" . T
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sLnenirig (2)

» Bunch length is 1ns at the exit of Electron gun.
- Velocity bunching to shorten the bunch length for RF
acceleration.

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

rigid.

Egun RF cavity Drift space RF cavity
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[EC arc CLIC copngzrison

Accelerator Beam parameter CLIC (ACC.) ILC

Pulse length 156ns 0.86
Pulse reputation 50Hz SHz

# of micro bunches in a pulse 312 PAYAS

Bunch separation 500ps 369ns
Bunch charge 0.9nC 3.2nC
Polarization 80% 80%

Bunch length at gun 100ps 1ns
Peak current 9A 3A

T A similar system to ILC based on Polarized electron source with
GaAs cathode is assumed.

» Lessbunch charge, but high repetition rate and high average 4
current in a pulse are challenging.

T 1‘1.-’-’"' -.-d-—u..h
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SUrrfriery

- Fundamentals of electro-emission and electron gun are
explained.

- Polarized electron is generated by photo-emission from NEA
GaAs cathode with circularly polarized laser.

« |LC and CLIC electron sources are DC bias gun with NEA
GaAs.
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