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Type of fields

/ , Direct self fields ) Collective Effects ?
2l Space Charge

>+\/ Image self fields J]

> Collective Effects

) Wake fields
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Image charges



Influence of the chamber wall

field line at 90° /

V4

the electron in the metal
quickly travel on the surface
of the metal until the electric
field parallel to the surface

is zero
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the image charge is a reflection of the particle with exchanged sign



Image charge

image
charge

the image charge is a reflection of the particle with exchanged sign
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Conducting plates

y
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Incoherent motion
Q)

Consider a
particle of the
beam

S, J
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)
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Summing image charge
U contribution in pairs

PL n 1
LBy n = (=1) (
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Equation of motion

In the equation of motion

d?y € e

- ky,y = Ey ., - E
ds? J mwgvg Y mvv% i
d?y 2K , T
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Ferromagnetic Boundaries

p1 << 2

0

Y
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Ferromagnetic Boundaries

[. image current

beam current
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image current
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therefore

2K

Y(X+Y)

L

incoherent
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ferromagnetic
induced image
current
(coherent force)

Tune-shift !
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Coherent Motion
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Coherent motion
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all image
charges
moves
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Coherent motion
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all image
charges
moves

Force on the beam
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all image

$ﬁ charges

--------------------------------------------------------------------- moves

Force on the beam

sor 2meg | 2nh + 2y  2nh — 2y

n=1,3,5,7, ..

p o PL 4y
---------------------------------------------------------------------- P 2meg (2nh)? — (2y)?

PL 1
2megh? 2

Ey,n —

n=1,3,57,..
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therefore

_ PL 1 (=" .
Ey,n = 47T€0h2y [E — n2 (trick!)
with n=1,2,3,4,5,6, ..
Y Y 47T60h2y 6 12 167egh? Y

The electric field E, due to coherent shift is zero on the center of mass ©



equation of motion

d2yc'ky: e OL 2y
CVTE T mAwd 16megh? T °




Coherent detuning
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The Collective Effects

Thanks to Oliver Boine-Frankenheim, I. Hofmann, U. Niedermayer,
D. Brandt



Interaction of the beam with the

environment

Direct self fields

Image self fields

Il Space Charge

Wake fields
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Effect on the dynamics
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Resistive wall effect:
Finite conductivity

Narrow-band resonators:
Cavity-like objects

Broad-band resonators:
Tapers, other non-resonant
structures
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Wake Field



Cavities

N
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Cavities

L
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Cavities

B
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Cavities

B
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Cavities
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Cavities
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Cavities
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Cavities
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Cavities

L
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Cavities

A2

\

A2
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Cavities
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MODEL

Capacitor
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MODEL

Resistance



All together




Isolated RLC

RLC Features

Resonance frequency

Quality factor

Damping rate

1
Wy = ———
L

C
Q=R+

Wr

o= ——



Meaning
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’
L4
1 4
’
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’
L 4
’
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L4
‘l

V(t)=e ™ [A COS (wr\/l - r&t) + Bsin (wr\/

09/09/14

G. Franchetti

1 ! t
4()?

)

57



Response to one particle

What happen when one particle goes through the cavity ?

Before

N

AL o
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Response to one particle

After
4! V(0T) = 2
I(t) =qs(t) || =5 ok
V(0") = Tmeq
B/
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Pulse Response

This is the potential in the cavity

Green or wake function
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Summary

The wake function tells us what is the longitudinal field experienced by another
particle passing through the cavity later

—
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Summary

The wake function tells us what is the longitudinal field experienced by another
particle passing through the cavity later
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Summary

The wake function tells us what is the longitudinal field experienced by another
particle passing through the cavity later

—
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Summary

The wake function tells us what is the longitudinal field experienced by another
particle passing through the cavity later

—
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Impedance



Impedance

@_

I = I cos(wt)

It is a quantity that relate V and |

w=0 we==p V =RI
w > 0
=

. cos(wt) + w? —w, sin(wt
V(t)=1IR wt) + Q@75+ sin(w)

14 Q2 (“’2_‘”72“)2



Impedance

Impedance
V(t) = Z,(w)I cos(wt) — Z;(w)I sin(wt)
1
Zr(Ww) =R 2
1+ Q2 (—“’w :j)
Qs

Zz(w) = —R > o 5

1+ Q2 (“’w jj)
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Properties

Zi (wT‘) is zero
Z’)“ (w’l“) IS maximum

AL W= We =

N—

O < W < w?“ 4> Zz CU inductive

w > W, 4> Z w capacitive

N
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Power dissipated

2

cos?(wt) + QwQ_w"“ sin(wt) cos(wt)

WrWw

V(t)I(t) =1I°R

2

1+ Q2 (“Z_;”"")Q

V(O)I(t) = I?Z,(w) cos? (wt) + 12 Z;(w) sin(wt) cos(wt)

The power dissipated depends on the resistive impedance

1 ~
<V@)I(t) >eyere= §IZZr(w)



Complex notation
Complex notation Z(w) — ZT (w) —|— ZZZ ((U)

If Qis verylargeonlyfor () closeto w?“

W —w,  (w-w)(wtw) 28w
wew Wy W Wy
2 2
1 —iQ> 5" 1 —i2Q2Y
Z(w)=R =r =R o

2,2 2 2
14+ Q2 () 14402 (42)



A G(t)

2kprm

/\

Green function

L

Green function

AWA

NN N
\/2\/3\/4\@/@

1

fﬂh\\_ﬂf‘F*‘ ;
0 \/ 1\ 2 3 4 2n/w, | 0 1
‘ _ \/
Impedance Impedance
£ £
J/ﬁt “1 !'\ZR(LU) é “1 EZR(LU)

O =3.0
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Wake potential €2 Impedance

Charge through the cavity at ¢/ t > + > () dq(t/) — ](t/)dt/
The wake of that charge at time t is G (t — t/)

The potential in the cavity at time t due to the charge passing at t’ is
/ /
dq(t")G(t — 1)
The total potential due to all charges passing through the cavity is

V() = / dg(t)G(t — 1)



If now the current | is [(t’) — feiwt
t L
then V(t) = / fe ! G(t — t')dt"
0

with some change of variable

V(t) = I(t)/o e "“TG(T)dr

We wait long enough that transient effect disappears, hence

Z(w) = % = /OOO e “TG(T)dr
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Complicated geometries of the vacuum chamber give an effect on the
beam which is described by the impedance Z(w)
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Consequences of impedances

Energy loss on pipes = heating (important if you have
a superconducting machine!)

narrow
resonances Broad

/ %

Model
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Consequences of impedances

Feed-back to the beam as a hole: collective effects

Impedance

We have seen the longitudinal
impedance in a cavity

-

More types of impedances ...

- -)

Dynamics of the
all beam is affected
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Longitudinal dynamics



Longitudinal dynamics

synchronous orbit



Longitudinal dynamics

synchronous orbit

o¢ _  op
C+6C C_&C

p
p+0p
This property
comes from
the magnets
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Longitudinal dynamics

revolution time

C+ 6C

p+op

v + dv

G. Franchetti
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Nobody can go faster than light

revolution time

. P+ 5p If this is large

this velocity will always be less
than “c”

Vv + dv

V

Therefore at a certain point the
circumference growth but the particle

aw_n

speed remain “c

It takes longer to make one turn !
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If o, = —; Wweare at the transition energy ET
~y
If E < Ep increasing energy I:> revolution time shorter
If E > Er increasing energy I:> revolution time longer !!
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RF

synchronous orbit

G. Franchetti
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The synchronous particle has energy [,  and goes through the cavity at time tS
Voltage in the cavity V p— V Sin(hwo ts )
¢s — hw()ts this is the phase of the synchronous particle

This is a phase we know each time the particle goes through the cavity
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Non synchronous particle

1o
o

Po
Ey

slower particle

\:f/ (if below transition)
T

G. Franchetti
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Voltage on the particle

V = Vsin(¢s + hwot)

Gain of energy 5E p— 6‘7 Siﬂ(¢3 _|_ thT)

Now we include an energy loss per turn an per particle U
OF = eV sin(¢ps + hwor) — U

Define relative energy € — AE/EO



s )
°c ad sin(¢s + hwoT) v

To ToEy 1o Lo
If _E is small, than this term is equal to the time derivative of €
1o
€ = SIN( Qg wWo T
27TE() 27TEQ

but U, depends on €, and 7 I:> U(E,T)



If €, and T are small we can expand

vao Sin(¢ ) 4 vao COS(qb )hw WOUO wo oU wo oU
— s S T — — € — T
21 Ey 21 Ey 0 2nEy  2wEo OF 2w Eqy Ot

’ These two terms are equal |

for the synchronous particle

€

We remain . & LA hw% Cos(¢ ) wWo 5’1/ wo ab
. ) €cE == ——— s T — € — T
with the equation 21 Ey 2rEy OF 2r By Ot

0T oF .
In addition at high energy T ~ nf I:> T = ne€
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eV huw? (5.) wo OU wo OU
coS(Qg )T — € — T
21 E) ! n27TE0 OF 7727TE0 ot

T =1

’ 2
5 eV hwj

o o 1 Wy oU
sO "l 27TEO

T 291E OF

W cos(¢s) g

Final equation of motion (in tau)

. . Wy oU
P 20,7 + |w - 772’7TE0 > 7T=0




Solution

A 2 SA p—
T X € :> + 20 +[w80+n27rE0 5 0

Solving for lambda: A= —qg+ \/ag — (Wgo + )
. . . 2 2 wo OU 2
thatis \ = —a + iw,; With Wy = Wy T 7727TE a7 Q]
0

= %e—ast COS(wslt) |:> if g > (0 Solution stable
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Interpretation

No Energy Loss
E<E; E>E;

AE Ae

T
T

T T
> >
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Interpretation

With Energy Loss
E<E; E>E,

A (E A (E
oU

v

e T
I s i

OF
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Bunch Lengthening



Bunch lengthening

(0000000000

In one turn V — Ldlb
change of energy - A
per charge

L is the integrated inductance
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Parabolic bunch

AN

center
of the
bunch
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Parabolic bunch
2
T = zﬂf’ (1 _ T—2>
. jr WT T

AN

center
of the
bunch
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Voltage induced

A

center
of the
bunch
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If we compare with RF

dl
Y — _l;
dz

Offac:
Il/e S/O
Pe

center
of the

This creates a
bunch

“longitudinal detuning”
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By using a bunch with the same longitudinal emittance a reduction of
longitudinal focusing strength produces a bunch lengthening

V

The bunch becomes matched with the effective voltage slope
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Effective voltage

A Iy L
V = Vsin(¢s + hwoT) 570 T

w(ﬁ?)

*

induced voltage

Linearizing in tau

. ~ 37TI()L
V = Vsin(¢s) +V cos(¢s)hwor + ——5T
woT
0
4 ()
focusing from RF fjefocusmg from
impedance

09/09/14 G. Franchetti
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chuo wo Sl
cos( ¢ ) hwoT 627TE0 o7

é_

N 27TEQ !

But 7':776 therefore

o
7= 77267530 cos(¢ps ) hwoT

nwo 3mlgL
-

6 A
27TE() wWoT



,?.

but g — LCUO

"o

Therefore
, ehV w? _ 1 3rly |4

_ 2 cos(¢s) |1+ = 573
21 Ey VCOS(¢S) thT nig
nthwQ - o

W?Q _ 0 COS(ng) is the longitudinal strength

27TEO

in absence of impedance




Awg 1 1

weo 2 V cos(¢s) hwgt?

1 37'('[0 A

V cos(¢) heg?® [ n g

14

Therefore the relative change in omega is

Z

n

37’(’]0

0

For protons 7€ = constant

a7

T

B Awg

20

Y




Observation

The effect of the impedance is local, hence the voltage induced by
impendence do not effect the center of mass (like for the space charge)



1)
2)

3)
4)
5)
6)
7)

Summary

Wall charges creates detuning = incoherent tunes
Ferromagnetic material creates image currents:
Coherent motion = coherent tunes

Concept of Wake field

Impedance of a cavity, Wake <> impedance
Energy loss

Longitudinal dynamics, effect of energy loss

Bunch lengthening



