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Outline - Electron Linac -

» Introduction
Roles, Types, Beams, Length...of linacs are described so that you
could get some image of linear accelerators.

» Principles of Particle Acceleration in RF Linacs
Basic knowledge of electromagnetism, mechanics, special relativity
is assumed.
Problems concerning principles of acceleration are categorized into
three items through
“intuitive explanation™
two of which are clarified by
“rigorous treatment”

Electron Linear Accelerator
Remained problems concerning
“bunching mechanism”
“transverse motion”
are discussed in detail.
KEK electron / positron linac is introduced as an example.

(Advanced Concepts)
Conclusion 3
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Introduction
«Roles of Electron Linacs

1. Injection into circular accelerators
for various applications
SPring8, PF(SR) KEKB, PEPII(high energy physics)...

2. Low-emittance linac for advanced light source
FEL, ERL(Energy Recovery Linac)...

3. Linear collider for future high energy physics
4. Medical applications (the most familiar?)

key issue :
“accelerate charged particles efficiently™
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«Two Basic Elements of Linacs (. A. Loew)

1. Accelerating Structure

1. Accelerating Structure— It depends on types of linacs.

DC linacs

— DC electric field to accelerate beams
— Limited to a few tens of MeV

Induction linacs
— Based on Faraday’s law

Changing magnetic fluxes to generate
the accelerating electvric fields

— Used in medium-enerqgy high-current
pulsed applications
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Introduction (cont’d)

1. Accelerating Structure (cont’d)

> Main subject in this lecture

— Frequency
UHF, Microwave (L, S, C, X-band), Laser...

— CW or Pulsed

— Traveling-wave or Standing-wave

— Room Temperature or Superconducting
— Utilize Cavity (Resonance) Structure

— Used for a wide spectrum of applications

from injectors to high-energy accelerators,
medical accelerators...
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Introduction (cont’d)

Protons and Heavier Particles :

— Main particles in early developments of RF linacs
High-frequency efficient RF devices did not exist.
Imagine a maximum frequency of 1 MHz.

Relativistic particles travel 300 m in a
single period!! —> Too large apparatus.

— Nowadays: RF frequency >= 200 MHz

Main subject in this lecture
— Technological innovation during the war :
Invention of high power klystrons made it possible
that electrons can be accelerated in realistic sizes.
(e.g. 2856 MHz high-power klystrons)

6
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Introduction (cont’d) 25""'"9-8 S 10
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Length of Electron Linacs

Longer linacs, higher energy.

— SLAC : Longest in the world
3-km linac —> SLC 50 GeV (1989)

— KEK : 600-m J-shaped linac —> KEKB linac 8 GeV (1998)
— LAL : 230-m linac, 2.3 GeV (1968)
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Principles of Particle Acceleration in RF Linacs

«Intuitive Explanation
[1] Assume the existence of
“longitudinal electric fields of traveling microwaves™.
[2] Imagine charged particles surf on
“a crest of traveling microwaves™.
[3] The velocity of the charged particles should equal
the phase velocity of microwaves
for continuous acceleration.

Charged Pal‘thleiﬂ

Longitudinal electric\field of
traveling microwaves
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Principles of Particle Acceleration in RF Linacs

«Equation of motion

ap,
—=eb.z t
— 2(%,t)

Longitudinal electric field of traveling microwaves

e
L*j-'(:./) — Lj:()ﬁ‘ill !w‘ (/ - / >
Jig @B

: v, : phase velocity
Charged Partlclei-

w : angular frequency

%Z

I

Longitudinal electric\field of
traveling microwaves
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Principles of Particle Acceleration in RF Linacs

Synchronized Particles If v., — v,
i

dt

|

| dz
Op =W (1‘ — / ) — constant

Jo Up

Particles on the synchronized phase ¢,
can be efficiently accelerated.

Charged Pal‘thleiﬂ

%Z

= &/8 0 D

Op

v, : phase velocity

Longitudinal electric\field of w : angular frequency
traveling microwaves

11
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Principles of Particle Acceleration in RF Linacs

«The story, however, does not end:
The intuitive explanation is apparently right and easy to
understand, but actually not enough,
even superficial for serious students.

«There are many fundamental and technical issues
to be resolved.

Can you point out what the problems are?

[1] Electromagnetic waves are “transverse™ in free space.
How do you make “longitudinal” waves?

[2] How do you adjust the phase velocity of the
electromagnetic wave to the particle velocity?

[3] How do you make many particles localized in a very
short length so as to be uniformly accelerated on 1:
a crest of the wave? ===> next section
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Principles of Particle Acceleration in RF Linacs

[1] Electromagnetic waves are “transverse™ in free space.
How do you make “longitudinal” waves?

Before going into detail, you should notice that
the electric field in vacuum must satisfy

divE =0

How about our longitudinal electric field?

: L
E. (2,67 ="F ,, SIS
Jo Up

E., must depend on transverse coordinates.
E:()(-‘I’-_ ‘LU)

One needs to go back to the principle of the issue:
“Electromagnetism™ 13
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Principles of Particle Acceleration in RF Linacs

[1] Electromagnetic wave are “transverse” in free space.
How do you make “longitudinal” waves?
“Acceleration by guided wave” is one solution.
Electromagnetic waves in a wave guide could have
a longitudinal electric field component.
Example: Circular wave guide

T My, mode : Transverse Magnetic Wave
Ag >> b A=kl ()lb = /\ /\q = o0

E= ‘/__I b: radius f%_;~ __E -
:\3‘—\ ““h‘j:‘-wm ==

'A:.k_. ._..,\.,,h_. ,_..T_.____

4-J LL». -E—*J =
[~ r——— == ___\_J__ﬁ______' : 4-'*4—— A() < A < A(j
= T / T T \\ / /"’—_"’)_
..:—\’ ] | | ~ ( /A’—a—_‘r \ l_: I ; ,(/7
L ,_L_:.‘\,l 3 ..wl__ A S RS T T RTTTD T

P

14
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Principles of Particle Acceleration in RF Linacs

[2] How do you adjust the phase velocity of the
electromagnetic wave to the particle velocity?

Example: Circular wave guide
T My, mode : Transverse Magnetic Wave

A longitudinal electric field exists!
But how about the phase velocity?
The wave and the particles must be synchronous.

The phase velocity seems greater than the velocity of light.

/ () —— C

15
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Principles of Particle Acceleration in RF Linacs

[2] How do you adjust the phase velocity of the
electromagnetic wave to the particle velocity?

Example: Circular wave guide
Let’s start with a wave equation in cylindrical coordinates

) < R
R Eﬂ o (?zwf Y 2

oy . 10 = ;
Or? I r Or ke —c_‘zE: ~ : complex wave number
Solutions for axial symmetric TM,; mode are written as.
E. = CJo(ker)e "
WE | | -
Ho= ZOOLUMETT K=ot (2P
T —C]l(k e %
A 2T
E»- =¥t ]()(l\ [)) == 0 jl\ [)— /\_[)_ 2.405
: 16

—> A\, = 2.61b : cut-ofl wavelength
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Principles of Particle Acceleration in RF Linacs
[2] How do you adjust the phase velocity of the
electromagnetic wave to the particle velocity?
Example: Circular wave guide
Dispersion relation for an axial symmetric TM,; mode

If there is no attenuation,
2T

oy = MBE—
A J o

thq dispersion relation is
written as

(=) =k +p°
&

— Velocity of light
tan O —=F

W
(

A‘ &

Phase velocity > Velocity of light
U

0 g
&
Group velocity
([ w/C (0.
8% Vs <
ds c

& \“ I Forbidden band
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Principles of Particle Acceleration in RF Linacs

[2] How do you adjust the phase velocity of the
electromagnetic wave to the particle velocity?

Example: Circular wave guide

The dispersion relation for the axial symmetric TM,; mode
tells us that the phase velocity is greater than the
velocity of light. The relation :

Uy, B CP=1Ug
is qlways valid fo_r electromagnetic waves traveling in
uniform wave guides.

The particle velocity can not exceed the velocity of light.
Therefore we can not accelerate the charged particles by
using uniform wave guides.

18
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Principles of Particle Acceleration in RF Linacs
[2] How do you adjust the phase velocity of the
electromagnetic wave to the particle velocity?
How do we slow down the phase velocity in a wave guide?

A quick thought:
Introduce some obstacles in wave guides to slow down the
phase velocity: non-uniform wave guide.

The simplest and frequently-used structure is the disk-
loaded wave guide: “slow-wave structure”,

-~ —————— g~ e

19
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Principles of Particle Acceleration in RF Linacs

[2] How do you adjust the phase velocity of the
electromagnetic wave to the particle velocity?

Disk-loaded wave guide: Pillbox resonator chain

Before going into detail, we investigate
a single pillbox resonator.

- The lowest mode T™,,,
b : :
E; E; = C',]()(A?(;‘I‘)
d HH He — 1 Z— J 1 (1‘<7)

0

~ 240) —_— : o
L Zg= 4/ — =377 Q : impedance of free space

O :
W = We = k(?(f — 2—105[_ ’
)

The frequency is independent of the length “d”.

20
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Principles of Particle Acceleration in RF Linacs

[2] How do you adjust the phase velocity of the
electromagnetic wave to the particle velocity?

Disk-loaded wave guide: Pillbox resonator chain

The lowest mode TM,, , of the pillbox resonator has the
resonant frequency which is independent of the
resonator length.

Then the chained resonators can be phased independently
in the weak coupling limit so that the phase velocity
could be adjusted to the particle velocity...

But our disk-loaded wave guides have larger iris holes:
larger coupling.

Let’s treat the irises as perturbations and see what
happens to the wave guide modes. y
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Principles of Particle Acceleration in RF Linacs

[2] How do you adjust the phase velocity of the
electromagnetic wave to the particle velocity?

Disk-loaded wave guide: Pillbox resonator chain

The electromagnetic wave experiences a lot of reflections
at each iris and interferes either destructively or

additively.

Destructive case:
The irises have a minor effect. It’s OK.

Additive case:
Standing waves are created. v, = (
This could make the dispersion curve flattened at

the condition (“Bragg” reflection):
fis

20d =2nm — 3 = —172 n. = 0. Ze o
(

22
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Principles of Particle Acceleration in RF Linacs

[2] How do you adjust the phase velocity of the
electromagnetic wave to the particle velocity?

Disk-loaded wave guide: Pillbox resonator chain

Schematic dispersion curves of disk-loaded wave guides
for the case of larger irises

/
/ ———  unloaded wave guide
——— disk-loaded wave guide

Wop / TM01
¢ / “~__| | passband

w?
(

N

The particle velocity equals

/ almost the velocity of light in
| electron linacs. Therefore we can
¢ . adjust the phase velocity to the
B electron velocity. .

do E
o d
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Principles of Particle Acceleration in RF Linacs
[2] How do you adjust the phase velocity of the

electromagnetic wave to the particle velocity?

Disk-loaded wave guide: Pillbox resonator chain

Actual dispersion curves of disk-loaded wave guides

u)
(

{1
“wop

for the case of larger irises

/ ———

unloaded wave guide
/ —_— disk-loaded wave guide

KEK electron linac
S-band structure
27 /3 mode
The dispersion curve is significantly depressed.

The paSSband is aCtua"y very narrvow.
&

ol 24
d
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Principles of Particle Acceleration in RF Linacs

Disk-loaded wave guide: Pillbox resonator chain

We have verified that a slow-wave structure exists.

Movre theoretical treatment is based on the
“Floquet’s Theorem™
for wave propagation in a periodic structure.

Floquet’s theorem for TM,; mode

E(r,z1 +d,t) = e 4B (r, 21, 1)

The theorem comes from the fact that
: : when a structure of infinite length is
< d displaced along its axis by one period, it
Z1 Zi e can not be distinguished from its original
self.

20

— IO —>
T2 pe
— Do«
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Principles of Particle Acceleration in RF Linacs

Disk-loaded wave guide: Pillbox resonator chain

Electromagnetic fields of TM,; mode can be expanded in a
spatial Fourier series (space harmonics) by using Floquet’s

theorem. ,
o0
E;(l'. > /) = E (1.,,.,/()(/{,-,, ,.)(?/(uu‘f—;fn z)
n=—0C
x P
P . : vL/' , X I w‘f—‘.";,,:
E,'(].»\;./) :’ (ll)l“—"]l(/\,-”])() ( )
— == T I’pn
T, — — X8
C -
-~ 1 e " y /) w’f—i'f,, Z
B(}(I‘.;.f) = E (I.,,ﬁ.ll(}\,,_”])(? ( )
H=—0 rn
Y '('pn 2
A)rn = ib = _
Upn C
W W
U = el == .
pn Vi - 27
‘,"}” :i”))() + = 26
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Principles of Particle Acceleration in RF Linacs

Disk-loaded wave guide: Pillbox resonator chain
Brillouin diagram for a disk-loaded wave guide

W A

(‘J
unloaded wave guide i

TMi,

'TI\[(”

—27 /d —m/d 0 m/d 27 /d f.v-';’

Basically only the intersections of the dispersion curves and the line of 27
vp = ¢ affect beam dynamics.
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Principles of Particle Acceleration in RF Linacs

Disk-loaded wave guide: Pillbox resonator chain

Distinctive characteristics

[1] There are “space harmonics”. n =0, n=+1,...
(a) Each has a different propagation constant. 3, .

(b) Each has a different phase velocity. ., — ii = -

Example:
T My : 2n/3 mode (By = 27/3d)
n=0:wv,=c .
n — ]. . I'p — _(‘/‘l unloaded wave glli(l('(‘ f/‘f‘ )
i = —J. ‘1’1) — '—(‘/2 o8 < % )
vy <0 CRES oLt
TNy,
~al)
TMo1 = n=0 |
| | | |

Brillouin diagram for a disk-loaded wave guide

28
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Principles of Particle Acceleration in RF Linacs

Disk-loaded wave guide: Pillbox resonator chain

Distinctive characteristics

[2] When i — () and “1) — (jj-’
the forces acting on the charged particle are simply

expressed by:

F.(r,2,t) = 62(1.(](2’""‘"(’%_3/0)
eapw ~
Fi{r, 2,t) = e(Er — vBp) = i=5(1, — v/c)re"t==/9
&

£ — (== -]()(kr()“") =1 , -]1(1&77-()7’)/1&711() ~

The accelerating force is independent of the radial position
of the synchronous particle.

The radial force is proportional to the radial position and
divergent, but becomes zero as the particle velocity
approdaches the velocity of light.

29
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Principles of Particle Acceleration in RF Linacs

Disk-loaded wave guide: Pillbox resonator chain
Remarks: Some important items not investigated in this lecture.

[1] How the choice of the phase shift per period of the
fundamental mode (TM,;) is made?

It is made empirically...

27 /3 mode is mostly chosen for traveling-wave linacs because
acceleration efficiency is high, and
it is robust against the instability due to higher modes.
[2] The existence of higher A
pass bands such as TM,;
mode may be responsibl&
for serious instabilities in |,
the linac operation.

2nn

T Myi

3
30
Brillouin diagram for a disk-loaded wave guide
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Electron Linear Accelerator

Remaining problem in the preceding section:

[3] How do you make many particles localized in a very
short length so as to be uniformly accelerated on
a crest of the wave?
==> “bunching mechanism in electron linacs”

Start with a longitudinal equation of motion:
dp.
— —eb_ (2,1
at :(2,1)

where a longitudinal electric field of traveling microwaves:

. SR
E.(z,t) = E,psin |w |t —
Jo Up

Assume S}’"Ch" onous particles:
(11)- z
dt

| el
e e ) = constant 31
ly

0o Up

— elg@sin ¢,
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Electron Linear Accelerator

“bunching mechanism in electron linacs™

Define a small displacement from the synchronous
particle:

Z=2p+ & 2= 1Up T &

The equation of motion is represented by ¢ and o, .

dp. _ k Sas
— =el oSN 0, —W | =
1 J Up

Since the right-hand side does not explicitly depend on
time, we can consider an energy integral so that a
potential energy could be defined by:

: : , d€
U()=— | eEgsin| ¢p—w | — | dE
: ' '(.vp
Then we can calculate a Lagrangian:

: oo T ¢
= —))1(32 \/l — ‘32 9 l;(g) ; ')) = Uy ==

32
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Electron Linear Accelerator

“bunching mechanism in electron linacs™
In an approximation of slow displacement variation:
/v, < 1
The Lagrangian is expanded to a second order of ¢ .
B~ \/1 P p:pé + %m,fz — U(&)

mecp ki m

By =vpfe P =

where 11 is a so-called longitudinal mass. .
Deﬁmng a lonqltudmal momentum p;, = m;§ , and
using a canonical momentum:

()L
T ()C s p+1)1

33
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Electron Linear Accelerator

“bunching mechanism in electron linacs™

The Hamiltonian is obtained as

: 1 9 :
i 'I)?,(f‘“) \/— )’”[ ([)g ~ ]):1)) + U (5)

For simplicity, assume v, is treated as a constant, then
redefine a longitudinal potential energy:

Ui(&) = U(&emelspssing,

The_ new Hamiltonian concerning a particle motion is
written as:

[)1
2my

Y
T . wq . {
Ui(§) = —eE . [f COS (C')p — ) ESsIN c)l)}

W Up

H_

34
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Electron Linear Accelerator -

“bunching mechanism in electron linacs™

The phase space, the longitudinal
potential and the generalized force
are shown in the figure.

pr| -

\

/

)
P

H=—"—+U§)
2my
Up - w& o=
Ui(§) = —eE . [—~ CcOS ((;‘)p — —> — £sin (,*)1):|
w 1;'1)
. 9U
¢

The electrons could be trapped in a potential well: a local
minimum, oscillating in a relatively narrow region.

35
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Electron Linear Accelerator - N

“bunching mechanism in electron linacs™

pif
To get “bunched beam™, we increase |
the phase velocity of the microwave
and the electric field adiabatically.

|

Adiabatic theorem of Ehrenfest:

An action variable of a mechanical system
in periodic motion is conserved when the
system changes adiabatically.

.
J = — @ pdg = constant e
270 / =

P
(q,p) : canonical variables

36
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“bunching mechanism in electron linacs™
Before using the Ehrenfest’s theorem, write

a potential well, which is undergoing small
oscillations.
The Hamiltonian is written as:

1 .
= o7, (p, + m,“w) “))

el ow cos ¢,
G
p .
myv,

pi

(]
;

Electrons move along an ellipse in the phase space.

A

pr| o
down the Hamiltonian for electrons trapped in |..

Cheiron School
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\

|

P 5 ‘Z 3 ’
; == W'E/l'p

Ui(§)

P
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“bunching mechanism in electron linacs™

Calculation of the action variable:
If the total energy is E;,
the area of the phase space is expressed as

Pi

Cheiron School

Spring-8 Sep 13 2007

\

)

20 — TT\/ 2]711E[ \/2E1/1N1u)}‘2) = 27TE//u)p

-3
)i .
! el.ow cos ¢,
L{/‘]) == ;
mvy,

Then we obtain the relation:
Eil waams) — constant

===The Ehrenfest’s adiabatic theorem===

/

-3 -2 =X
0.5
1
1.8

Di

38
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Electron Linear Accelerator

“bunching mechanism in electron linacs™

Maximum amplitude and momentum are derived:
— , 1/4
&mu.r == \/QE[//”[u)ﬁ = \/] ( Up )

em E.ow cos ¢,

m

m) =

RN 2 D
P - (’III]E:():,U COS @5 1 !:..5_
Plomax = \/leljb/ — \/7< ; ( ‘ ]))

I'I)

Adiabatically increasing the phase velocity and the
longitudinal electric field,

the bunch shrinks down, while

the momentum spread stretches out.

P

[)[.lnu:

bunching mechanism

=)

Quarter-wave transformer

(&
Smax

mn
AL

39
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Electron Linear Accelerator

“bunching mechanism in electron linacs™

Remarks:

Even the momentum spread, which stretches out in the
bunching process, is damped in the sense that we are
usually interested in the fractional momentum spread:

op/p — smaller as p — larger(accelerated)

Pi

/)I.III(II

bunching mechanism

C
Smax

Iy

i

Quarter-wave transformer

In the actual bunching mechanism for electrons, the bunching
process is quite rapid even without any oscillation, since electrons 4
are too light...The above figure is rather appropriate for protons.
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Electron Linear Accelerator

We have studied a longitudinal motion of electrons in linacs with
particular emphasis on the bunching process.

After sufficiently bunched and accelerated to several tens of MeV,
the electrons can be treated as rigid particles in a longitudinal
direction. The relativistic beta is very close to one.

As a consequence of this favorable fact, you can just put the
electrons on a crest of the microwave for efficient acceleration.

Comment: The electron bunch has a finite length, which causes the energy
spread depending on the phase of the microwave on which you put it.

OE/FE| x d¢

41
In the case of a high-current beam, the situation changes...
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Electron Linear Accelerator

How about a transverse motion of electrons?

Next subject: “transverse motion in electron linacs”

In the relativisti_c region v — c , the transverse force
caused by the microwave (TM,; mode) vanishes.

eapgw

P (e 220 Pl =20 By Ji= 5
2

(1 = w/c)ret=2/) —s ¢

Transverse equation of motion (x):
dp.,
dt
where m dax da

Pe =  dp

3 dr\” - dy : , dz\* . 1 =iz
== i =2 e " = :
' dt dt dt Vil =32 me?

— F,
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Electron Linear Accelerator

“transverse motion in electron linacs”
The transverse equation of motion is rewritten as

d dx
My —— =%
"t ( dt ) |

Changing the independent variable: ds — c/dt

@ (g, azx F,
,” . l,"lj"\’ = — : :
”"S‘ | I ([H ;} m (..2

For ultra relativistic case (electrons): 7 — 1
dexl G0 fis
T T e =
ds- By Gl S Y AT
. A" / (‘['1" o« » . » »
We have a damping term: — o adiabatic damping
which is fortunate in operating electron linacs.

“More accelerate, more stable in a transverse motion.” ,;
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Electron Linear Accelerator

“transverse motion in electron linacs”

Adiabatic Damping
To be precise, the term of “damping” might be inappropriate,
because there is actually no dissipation.

Solve the equation of motion in the conditions of:

constant acceleration gain: ¥ = Yo + gs 7' = g = constant

no external focusing force: Hoe—
d°z g dr
5 —{
ds*  ~vo+ gs ds
The solution is: High-energy region
Yo + gS Yo + gS S
Lo— T T .%LL In BB — 7 —Hdia. .I‘(/)b'() In"==%
g Yo T+ 950 50
Y- (O + gSo ; , S0
L S— - =>"F bl —
" v0 +gs s

44
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Electron Linear Accelerator

“transverse motion in electron linacs”
Adiabatic Damping

Electron orbits are logarithmic.

',S‘
soln —
S()

g
-1 ()

L

'S' (] -S.
S

It is as If the length s — sohas been contracted to L.y ="s00n ;.
S()

Example: KEK linac s) = 10 m s = 600 m
v =g =39"14"/m =P =09 M "
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Electron Linear Accelerator

“transverse motion in electron linacs”

Transverse emittance is defined as ,
a phase space area: ., = / / drdp.,

Liouville’s theorem states that ., might be conserved if
only non-dissipative forces act on the particles.

Comment: The general definition of phase space volume is written as

(,'“://////(/.1'(//).,.(/,1/(11)',/(/9(/3

This must be conserved. Usually the coupling between
different components, however, is weak so that the sub-
phase space, e.g., the projected phase space volume is
conserved.

Transverse emittance in accelerators is defined as:

/ / .
M€y = / / dxdx B = Do D == Drcl2r S TTE

Therefore " F¢c.., “normalized emittance” is conserved. 46
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M¢t. Tsukuba

\
1
{ ! m

180 dog Sector B Sector A lEI/etgron ‘C\%un H
A"? \ ‘ Buncher —. ,/1( un_A) i
- gl

Il
iL

b ) —_— e e e
L;‘ '&:;ﬁg’ ''''''' = > I KEKB /AR
y i ] - (Gun_C) i Ll i i Beam Switchyard

Sector C Sector 1 ) Sector 2 | Sector 3 . Sector 4 < Sector 5 47
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Electron Linear Accelerator

KEK electron / positron linac

Injector

Klystron Peak Power 40 MW

| 2\ Streak Camera for
b Bunch Monitor

ATT/Phase Shifters | -
\ | Quadrupole I Optical Transition
Gun 200 kV \ 2Mw| |18 MW Magnet 10 MW {10 Mw Radiation
max 20 nC o N Q-maq) X 0-mag _,
“ S— B‘ . _, li\\\ . n!.‘ m ‘ B e
Profile Monitor SHB2 Buncher 2856 MHz  Accelerator Sections ."I
571 20 mV/m 14.3 MV/m |
Sub-Harmonic BuncherMHZ Pre-Buncher 2856 MHz Energy Analyzer 70 MeV
SHB1 114 MHz
10 m
| |

49

The beam dynamics “drama” (G.A.Loew) takes place in the injector.
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Electron Linear Accelerator «ex etectron / positron linac

Pre-Injector
Klystron Peak Power 40 MW
ATT/Phase Shifters
« Quadrupole
Gun 200 kv = 2 M“ﬁ 18 MW Magnet 10 MW
max 20 nC e X (Q-maq)

Y O A A w

\ wah

Profile Monitor | SHB2 Buncher 2856 MHz

571 20 mV/m

SHB1 114 MHz

SHB1 SHB2 PB Buncher
C 2, T T
— g s R ] - »
2000 BB L I EEMR AN A M
o -/
[ 12
Y ~ - —O—
n ] O 1
2 1500 ] 10
=] [ | 1 tm
3 1000 |- =
5 " o 16 2
5 L~ . 1 =
= _ | Simulation 4
500 | L ‘
- [ \4 O 12

0 (K)—v—i)—v—v—'—()—v—(()-()-(Xp B B —an ..
0 0.5 1 1.5 2 25 3 35

Distance [m]

Buncher: 2856 MHz

The beam dynamics drama:

velocity bunching & acceleration
10 ps (FWHM)

Acc. Sec.: 2856 MH

> (0

100 ps

900 ps

PB: 2856 MHz

1.6 ns

SHB2: 571 MH.

SHBI1: 114 MHz 4 /
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Electron Linear Accelerator «ex etectron / positron linac

Main Elements

Electron Gun, Positron Source

Bunching Section: Sub-Harmonic Buncher, Pre-buncher, Buncher
RF System: Klystron, Modulator, RF Monitor

Accelerator Sections

Magnet System (inc. power supply):
Magnetic Lens, Solenoid, Quadrupole, Bend, Steering, Sextupole

Beam Monitor System
Profile (Screen / Wire) , Position, Bunch, Radiation

Vacuum System

Control System: Computer, Trigger, Software...
Alignment system

Safety interlock system

51
Facility: Power Supply, Water, Air, Room Temperature...



Cheiron School

Spring-8 Sep 13 2007
Electron Linear Accelerator «ex eiectron / positron linac
KEK Electron Gun The model of the electron gun
Thermoionic triode ki, |
Acceleration voltage: 200 kV
Pulise length: 1-2 ns

Maximum charge: 20 nC

§ ? . ! i [.
<9 EIectron

p”#f -= CﬁthodeQMagnetlc Lens.

Cathode {%} =N

-200 kV N
i Y __7_‘\1'\:3 \ 'jm""
S
‘g - Flectron beam

I

{ I 3 ; DD ::t _,_+/ﬂ

- 400 ‘ [ =
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Electron Linear Accelerator «ex electron / positron linac

KEK Linac Positron Source

R
tungsten target "4 =R
pulse & solenoid coils Z}rblmg S ‘stem-

- " ) e
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Electron Linear Accelerator «ex electron / positron linac
KEK Linac Bunchingv Sgction
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Electron Linear Accelerator «ex electron / positron linac
KEK Linac RF system : 60 units (klystron Modulator, SLED.. )

~High-Power Klystron

/"‘: T b’q})
s 1 - (e o ¥ » :
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Electron Linear Accelerator «ex eiectron / positron linac

KEK Linac Acceleration System in Tunnel : 240 accelerator sections

56
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Electron Linear Accelerator ke eiectron / positron linac

=

Cooling;iiwater outlet

KEK Linac Accelerator Sections

t P out

20724

. Eleeu]oplating layer

[

r 5

Half-cut two-meter long accelerator section - | Coo_linE water jacket

I_r_iﬂj L_—F
*

=4

7
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100 quadrupoles

(triplet 50, doublet 20, singlet 30)
17 bends, 240 steerings
30 solenoids, 1 pulse coil for positrons

Quadrupole magnet
: WLt 1l

Accelerator girder -
,‘l}"{\

A\
\:;

e _Aﬂ?nment duct
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Electron Linear Accelerator «ex etectron / positron linac

KEK Linac Beam Monitor System:

100 beam position monitors
4 bunch monitors (OTR monitors)
132 profile monitors

(12 wire scanners, 120 screens)
5 current monitors

(for charge-limit regulations)

o y \\ g I A | e y
-F VA B
et ) A N | .

Quadrupole magnet.
- """ \ :

\‘_"‘ (o AN
Ny S g
New %
/} {:\ \
1 .
f

" Wall-curvent monitor
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Electron Linear Accelerator «ex eiectron / positron linac
KEK Linac Beam Monitor System:
Beam diagnosis : beam orbit measurements

Example : high-current electron beam
positron beam

Positron Linac/BT Orbit (2-bunch)

measured 06/13/2001 20:19:46

T

I I

4t = P
3 horlzontal orbit AER
EE zi‘m“oﬁ qu" .H.Q‘. 0.0“ v_,' '\&w\’..% oy — P o g ‘ :: gnspxém:égﬁ_;(nm
3 . 3
| ! | | | |
s = S = 42
‘3 Vertlcal orblt 1 e
. 2F - = min. =-6.081 mm
BE P wivaeeteqsigyh togedeborti buat M ae e g e e g B =
-2 P 'Y "’:— ——
-4 * ]
i J J charge' 1 | ~ i
: : e : Beam position
10 Mt (- Boaad o 41 A
o of Westsr st P sssaits Saat g qned W etr 3-8 3o M .‘;{: 3g monltor o
gt 3 4= ik B
d . . {2

o

2 22233320 R8T §332RR0000 00T BT0E TR ARERRNNLNYL £ 8 ¢ 8

100

H'i‘i‘IIIWH‘I"FH'?"'I"Wﬂ'M'MH

ooooo

3 R = G PO
N A [SERCTESH

pnmary electron beam target pos:tron beam

qolde 03 12 2001_09:51:37.da range DX . Auto ¢ Fix (5) A ¥ DY . Auto & Fix (5) A ¥V Q . Auto ¢ Fix(11) A ¥V e/e' 10 A ¥ Replot
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Electron Linear Accelerator ke eiectron / positron linac
KEK Linac Beam Monitor System:

Beam diagnosis : bunch-length measurements by ORT & streak camera
Example : high-current electron beam for positron production

DR R stk camera system
B e 1

C— T

Mark 1= 700.188ns 3t

Mak 2= 700.318ns 243 mt
FYWHIM = 9.203ps (F00.283ns)
AFEEA E 2423490 mt

sooo0 [ ' _ ' OTR

54000 - . Beam i
i | Metal plate
0 ps
- | Beam duct
D l OTR: Optical Transition Radiation

TIJI:I 18n3 TIJI:I 2Dn3 ?I:IEI 22ns ?I:IEI 24ns FI:IEI 2Ens Foo. 2ﬁns FI:IEI 30ns

10-nC, single-bunched beam with a bunch length of 3.9 ps (o)
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Example: Beam Diagnosis of KEKB linac
Beam Characteristics for KEKB Sep. 2006 - Jun. 2007

Electron Positron
Beam Energy 8 GeV 3.5 GeV
Charge (BT End) 0.9 nC/pulse
(x2)
Emittance (vs) 1.1x10* m 1.7x103 m
(c) 7.0 x10° m 2.5 x107 m
AE(E (1o) 0.05 % 0.15 %
(90%) 0.17 % 0.50 %
Injection Rate 0.4 - 0.6 mA/sec 0.3 mA/sec
(CIM: 10 Hz) (x2)

CIM: Continuous Injection Mode
62



Cheiron School

Spring-8 Sep 13 2007
Electron Linear Accelerator «ex etectron / positron linac
KEK Linac Vacuum System:
222 ion pumps
85 vacuum gauges

59 gate valves

Total length : 645 m
Total surface area: 750 m?
Total volume: 16 m3

Pressure in beam lines : 106 Pa
(< 108 Pa for the electron gun)

In linacs, the conductance is generally small in beam lines.
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Electron Linear Accelerator «ex etectron / positron linac

KEK Linac Control System: UNIX and device controllers with
home-made RPCs (Remote Procedure Call) for communication

Control architecture: Three software layers

Advanced Beam Opérati(;ns

Routine
C Upper Level Programs D Operations

Engineering
Operations

i\

ae | S e
(( Middle Level Servers ))

G

/[

e —
Lower Level Servers )%

Accelerator Equupment

E

Logical view of control system processes

lectron / Positron Beams
64
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Electron Linear Accelerator ke eiectron / positron linac
KEK Linac Control System:

Beam control by many feedback loops (>30):

™ _ summay Thu Jan 31 18:29:34 2002
Gun high voltage

tkb-arc.tel %p400g:0 lychee kek.jp Runl Beam on1 Denied  Denied 17:28:34 17:26:05 start | stop
E n e r gy Energy AR tkfh-are %p400c:0 lychee.kek.jp Run Beam on1 Denied === 17:28:35 17:28:29 start stop
5 GU_Al1_G HV tkfb-gunal %xp400d:0 plum.kek.jp Run Satisfied Satisfied 18:29:07 18:29:42 start stop

0 rb l‘t GU_A1_G Delay e- tkfb-gunaldie #2 xp400d:0 plumkekjp [Run Beam elepos Denied Satisfied 18:15:23 18:15:23 start | stop
GU_A1_G Delay e+ tkfb-gunaldip  xpd00d:0 plum.kekjp Run Satisfied Satisfied 18:29:18 18:29:19 start | stop

R F 0 We r / h a s e GU_CT_G HV tkfb-gunct %p400d:0 plum.kekjp Run Satisfied - 18:29:39 --- start stop
p p Energy KEKB e- 58 tkfbh-kbe %p400c:0 lychee.kek.jp Run Beam elepos Denied --- 17:06:36 17:06:29 start stop

Tri r .t i m i n Eneryy KEKB e- BT tkfb-kbebt %pd00c:0 lychee.kek.jp Run Beam elepos Denied --- 18:15:38 17:46:01 start | stop
gg e g Energy KEKB e+ 61 tkfb-kbp %p400c:0 lychee kek.jp Run Satisfied Satisfied 18:29:46 18:29:48 start | stop

Energy KEKB e+ BT tkfb-Kbpht %p400c:0 lychee kek.jp Run Satisfied Satisfied 18:29:47 18:29:46 start | stop

Orbit 1XY KEKB e+ tkfb-orhit1XYpk xp400g:0 poplar Run Satisfied Satisfied 18:29:47 18:29:46 start stop

Orbit 2XY KEKB e- tkfb-orhit2XYek xp400g:0 poplar Run Beam elepos Denied --- 18:15:35 18:15:27 start stop

Orbit 5X KEKB e-  tkfh-orhit5Xek xp400c:0 lychee kek.jp Run Beam elepos Denied Satisfied 18:15:31 18:15:31 start stop

Orbit 5X KEKB e+  tkfh-orhit5Xpk #2 xp400c:0 lychee.kek.jp Run Satisfied Satisfied 18:29:42 18:29:42 start stop

Orbit 5Y KEKB e-  tkfh-orhitSYek #2 xp400c:0 lychee.kek.jp Run Beam elepos Denied --- 18:15:36 18:15:27 start stop

Orhit 5Y PF/AR tkfb-orbit5¥pa  xp400d:0 poplar Run Beam on1 Denied === 17:28:30 17:26:02 start stop

Orbit 5X PF/AR tkfb-orbitSpfar  xp400d:0 poplar Run Beam on1 Denied === 17:28:23 17:28:10 start stop

Orbit 6X KEKB e+  tkfh-orhit6Xpk #2 xp400c:0 lychee.kek.jp Run Satisfied Satisfied 18:29:47 18:29:45 start stop

Orbit 6Y KEKB e+  tkfh-orhit6Ypk #2 xp400c:0 lychee.kek.jp Run Satisfied Denied 18:29:45 18:29:44 start stop

Orbit ADX KEKB e+ tkfb-orhitADXpk  xp400d:0 poplar -—- Satisfied Jan29 Jan29 start stop

Orbit ADY KEKB e+  tkfb-orbitAOYpk  xp400d:0 poplar
Orbit A1X KEKB e+  tkfb-orhitAlXpk  xpd00d:0 poplar
Orbit A1Y KEKB e+  tkfb-orhitAlYpk  xp400d:0 poplar

=== -— Jan29 Jan29 start stop
- -—- Jan29 Jan29 start stop
Jan29 Jan29 start stop

44
=
@
2
@
=
'
|
|

Orbit BX KEKB tkfb-orhitBX %xp400d:0 poplar --- Satisfied Jan29 Jan29 start stop
Orbit BY KEKB tkfb-orhitBY %xp400d:0 poplar --- Satisfied Jan29 Jan29 start stop
Orbit RX KEKB tkfb-orhitRX xp400g:0 poplar Run Satisfied Satisfied 18:29:48 18:29:48 start stop
Orbit RY KEKB tkfb-orhitRY %xp400g:0 poplar Run Satisfied == 18:29:44 18:29:43  start stop
Orbit 57-61 PF tkfb-orbitpf #2  xp400g:0 lychee.kek.jp Run Beam on1 Denied 16:59:35 16:48:41 start stop
Energy PF BT tkfh-pfe #2 xp400c:0 lychee.kek.jp Run Beam on1 Denied === 16:59:36 09:12:22 start stop
Energy RO e- tkfb-r0 %pd00g:0 lychee.kek.jp Run Satisfied Satisfied 18:29:49 18:29:48 start | stop
SH_A1_S1 Power  tkfb-shbl #2 %p400d:0 plum.kekjp |[Run Satisfied Satisfied 18:29:40 18:29:29 start | stop
SH_A1_S1 Phase e~ tkfb-shbiphe  xp400d:0 plum.kekjp [SEBH === === start | stop
SH_A1_S1 Phase e+ tkfb-shhiphp %xp400d:0 plum.kek.jp - === === start stop

SH_A1_S8 Power tkfb-shb2 #2 %xp400d:0 plum.kek.jp Run Satisfied Satisfied 18:29:43 18:29:33  start stop
SH_A1_SB Phase e+ tkfb-shbzphp  xp400d:0 plum.kek jp start | stop 65

Last Update: Jan 31 18:29:49 Update
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Electron Linear Accelerator «ex etectron / positron linac

KEK Linac operation statistics:

Annual operation time: >7000 hours = 10 months
High availability of 98 % has been maintained.

KEK Electron / Positron Linac Operation History
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(Advanced Concepts)

High-gradient acceleration:
Laser plasma acceleration
Electron beam driven acceleration

High-brightness electron-beam generation: (Shintake’s lecture)
XFEL(LCLS SLAC, SCSS Spring8)
RF Gun

ERL: Energy Recovery Linac: (Shintake’s lecture)
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Instead of stating my CONCIUS ion

Important lessons:

[1] Injector performances determine the beam characteristics
in linacs.

“How it ends depends on how it begins”

[2] The accelerator is just one of the science instruments, but
without knowing science, especially physics very well, it can not
be even constructed and operated stably so that it could not really
serve as a good and efficient tool for science experiments.

At first there was no wall between accelerator and science.
Users used to construct and operate accelerators.
Today we need mutual exchange for future development.

“We build too many walls and not enough bridges.”
(Isaac Newton)

=====>Please join us to develop new accelerators.
68



