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Type of fields

Direct self fields

Image self fields

Wake fields

Collective Effects ?

palll Space Charge

Pl Collective Effects
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Robinson Instability
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the revolution frequency
controls the impendence

Z(w)

Robinson Instability

It is an instability arising from the coupling of the
impendence and longitudinal motion

real part control the
energy loss in a bunch

G. Franchett

change particle change revolution
energy frequency

—

T
slower particle
(if below transition)
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The coupling of two effects

via the longitudinal dynamics

N

Below transition

E’rlsesrgze o fcr';r:‘g; :; revolution
impedance
because of the impedance Z(w)
Below transition Below transition
Z(w) Z(w)
Zy(w) Zy(w)
Wr Wr

To
Energy lostinoneturn W} = / I(t)V(t)dt
0
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Where V(t) is given by the impedance Z,.(w)
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2¢ o=
energy lost per particle for non oscillating bunch U = N E IIfZ,.(pw(,)
0
1
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Below transition

Z(w)

N

Wr
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Below transition

cavity
frequency

Wr w

In one turn energy is lost but compensated by the RF
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Below transition

cavity revolution
. frequency frequency
f changes
Zy(w) 3
: T larger
; w
W

Below transition

w w

Energy lost - increase w = increase Z, > increase energy loss !!!
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Below transition

Below transition

h 3 Zr(w)

Wr w

Stable

Below transition

U \ Z)

]

Wr

Stable

Below transition

)

Unstable
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Below transition

Wr

Unstable

G. Franchetti

Summary of the reasoning

below transition

G. Franchett

above transition

More complicated

T

E<E,
€

No Energy Loss:
RF give the same
energy lost by
the impedance

Zy(w Aw
€
— 7
Wy w
¢

set the cavity

frequency here
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Remember that energy lost is V*|
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e time domain
Source of difficulty ) T ‘
N (t + To) NI (t) N(t = To)
1 1 1
E<E, : 7 |
1 1 1
1 1 1
Aw>0 € Aw< 0 ]', (‘) IL 7
—1o 0 4
I ( ) frequency domain
T p\¥ T 0, )
.!|I|||||0 L2
Ip(w)
Impedance effect > Energy gain Energy lost oo 7
L(t)= ) Ler s
p==00 1 | ! ﬁ L
0N
09, hett 2 09/C G. Franchetti 2
time domain
. . | Ty ! To | To |
Still we neglect something ) e
I : : |
i E ) )
E< ET position of the bunch at . / i |
i turn “k” 0 To 2Ty 3Th
/ Tk =T COS(ZWQSk) frequency domain, w >0
Q, is the synchrotron f(“,v) Ow
T tune
T = T cos(wst) | IIiIFH‘ HHHMMMMMH
0 o o v
ad .
t — t+ 7 cos(wst) :’> Iu(t) = Y Ipemeoltd7cosest)]
p=—0C
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Current

L=Y1, [nos(pwot) + ’”‘fz‘]" sin((p + Qs)wot) + ”“;”T sin((p — Q,)mor,)}

—~ —~

n
Wp Wp

The bunch current can be described by 3 components with frequency very close

side band side band this component

€ is OUtof phase
(because is a sin)

That means that the energy loss due to the impedance has to be computed on
the 3 currents...

Voltage created by the resistive impedance

o0
V=2 Z 1, Z,(pwo) cos(pwot)

w>0

Main component
0

15t sideband V= Z IpPWU{'Zr(W;r) sin(w;t)
w>0

V= Z Iypwot Zy(w, ) sin(w, t)

w>0

2" sideband
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Prosthaphaeresis formulae

sin(w, t) = sin(pwot) cos(wst) — cos(pwot) sin(wst)

sin(w;t) = sin(pwot) cos(wst) + cos(pwot) sin(wst)

cos(wst) = <

But 7 = 7 cos(wst) [>

7

sin(wst) = —

TWg

— cos(pwot) T
7

sin(w t) = sin(pwot) »
s

SN

sin(w, t) = sin(pwot)g + cos(pwot)%
S

09/09/14 G. Franchetti

Voltage created by the resistive impedance

V=2 Z I, Z,(pwo) cos(pwot)

Main component

w>0
= #
1%t sideband V= Z Ippwo Zy (W) [sin(pwot)T — cos(wat)w—]
w>0 s

o .
e T

27 sideband V= Z LppwoZy (wy ) [sin(pwot)™ + cos(pwot)w—]
s

w>0

Therefore the induced Voltage dependson T, T

09/09/14 G. Franchett 28
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Energy lost in one turn

B = /0 " V(B)I(t)dt

energy lost 2e | o 1{:’pr "
e o= 2 g ) - 2, 0) - 2
per turn

this term can give rise to
a constant loss, or a constant
gain of energy

In terms of the energy of a particle

2e I2pwq _
U =2 | B2, pen) = 2ER (2 e) = 2o )

oau e I2pwo " _\m
R DI AR RPN

w>0

This is a slope in the energy, and the sign of the slope depends on

Zp(wt) — Z,.(Lu‘y_) and n

P

G. Franchett

The longitudinal motion now!

P4 207 + wiT =0

_ 1LUO oUu _ Wo ou _ Ws Zp]pQ(Zr(w;) - Zr(w;))

asiiﬂﬁihrffai ZIOhVCOS¢s
Robinson Instability

If g >0 thereisadamping

If g < (0 thereisan instability

Robinson Instability

above transition

below transition

G. Franchett
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Space charge longitudinal field

Longitudinal space charge and
resistive wall impedance

fﬁ Sdl'= /E,.(z)dr’ + EyAz — /E, (z+ Az)dr — E.Az

G. Franchet 34

For a KV beam )\(Z) » Therefore
2. " if r<mry
Electric Field = A )(2
z)rgl .
———— if .
% r 07T 3 AE)
E.(z)dr — | E,(z+ Az)dr = —— |14+ 2In{ — ——~Az
4eq ro dz
T T X(z e N(2)rg 1
/ E.(z)dr = —( )rd7'+ 7( )7 —dr
Jo 0 260 Jrg 260 T @

2
fﬁ‘dl:(Ew—Ez)AZ—rfo 14+2In Tw 8<\<2>AZ
4eg o 0z

)
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Magnetic Field ,U()UZQ)\( ) if r<ry
B, =
v A (2)rd 1
Hov=A(2)rg 1 if r>mrg
2 T
[Bua= [ dT/Z+AZ e / dr /Ml v 1
-

2 .
/Blda:w%ﬂn(;w)]
4 To

Maxwell-Faraday fﬁ Al = 73 / Bda
ot

Law

)2
(B Ee— 28 [1 o (22| o, pporae [y gy, (1] 5
To

again we find the factor 1/7° 1

G. Franchetti

228
ot

Space charge impedance

_ XH: )\nei(ng—wnt) 0= 271,%

Wy, = NWo

Local density =~ =

I, 2 w i(nf—
Vio = 2nRE..y — z§ — m [1+2ln( )]e“"" wnt)
To

TEY ﬂc‘y

Perfect vacuum chamber E,, =0

i(nf—wnt)

I=1,e

W) V- i 2T (T | it
47r50 Bey? To

Zjjse =

=

~| <>

ZHsc =

1
—i 1+21
Veoc 6257 [ * n<?”0

)
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Resistive Wall impedance Beam
on axis
Do not take into account B
\wa// Cury, ents
. Wall currents are related
_Ey _ to the electric field by Ohm’ law
—_— —
f -1
. i 11 £ Ey=0 "Jy
" Eer v
' i
' Il
R i el :b
—
Ez
«— dz —>
_ The thickness of the wall
E, =E, currents s called skin depth
2
Oy =
HoOwW
depth
09/09/14 G. Franchetti A 19/0/14 G. Franchett 12
Impedance of the surface (pipe) Longitudinal impedance (beam)

Lti 2rR 1+
Zsurf = A‘L ZH:L e
70w 271y 06y

Transverse impedance
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Origin Origin
Beam passing through Beam passing through
a cavity on axis f a cavity off-axis
—
«—
«—
P
-«
— ] eeemmsmmmsmmcmmmmmm—- b T @ —>v--==>
=0 !
— >
-
—_
—
—_—
—_
| —
t t
f— —
But the field transform it-self !
E R [0JOJOJO B
— fofelole)
— foJololo)
= I WGY0YoY0)| M
““““““““““““ e L LT i O 10 O ] O S
> 10402040
> [0]OJOJO]
__>> (0JoJOIO]
= [oYelolo)
— (0JOJOJO]
— [0JOJOJO]
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o00® | B
OO
OO
S Y L)) —
cmemmmmmeecceeeea- N e Y a1 SR >

i

Vi

CODD
SeOD
CODD
OODD
CODD

TTTTTM\A E

The beam creates its own dipolar

Effect on the dynamics magnetic field |

[oJoJoJo] CODD

. (0JoJOJ0] CODD

The dynamics is much more affected by B, than E because 06 POOD
— QOO0 ke CODD >
I 7 — ) —@@@@;

F=qE+qux B e 00060

T I KoJololo) CODD

(0JoJOJO] CODD

this speed is high oololo} 00

(oJoJoJo] PODD

(dipolar errors create integer resonances.... we expect the same...)
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Transverse impedance

Definition of longitudinal impedance (classical)

=i B V= Vet

Impedance

Z(w)=V/I

09/09/14 G. Franchetti 53

For a displaced beam

source of the effect

I.To

—

Effect

E+ixB

$

this field acts on a single particle

It means that in the equation of motion we have to add this effect

d’x

%-Fk;raczi

ds?

myvE [

G. Franchett

E, + (7% E)4)

therefore for a weak effect or distributed we find

42z Qs 2 q 1 27 R .
—-— = = - — E. U X E)yld:
a2 " ( R ) v myv3 27TR/O Bz + (0 E)a]ds

In the time domain

d*x

1 2R . .
G+ Qs = s [ 1 @ B Jas

my 27R |

09/09/14 G. Franchetti 55

2R
But / [Ey + (U x E),lds is like a “strange” voltage
0

27 R - N
V:,/ [+ x Bluds
0

Now the situation is the following:

Iso, WP = sz/ZWR[E+6x§]Lds
0

it depends on
frequency

G. Franchett
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Transverse beam coupling impedance

2R 3 =
JEE 4+ x B)Lds
Z) (w) =i

L(W) ! BI:L’Q

|

now the question is
what is w ?

Whatisitw ?

It is given by the fractional tune, as this is the frequency seen in a cavity

Example: Q=223 fractionaltune q=0.23

beam position
seen by the cavity

B-field induced by beam displacement

JOE,
From  —~ = klzg |:> E, =klxgx

electric field at the position of beam x, is

EZ(.Z‘()) = kll'g
Longitudinal impedance

Ez(mO)l
Zy=——"0"= —kall

The magnetic field comes = ()E =
from Maxwell VxE+—=0
ot
8B . _ TAadwt
8t?/ ‘10 — k‘[ﬂfo taking Ixo = JIze
- 5, - RIE o _ klzg
Y w w

Transverse impedance

Joi % Bl ds v kl
_ oV X BlLads 7, ==
2y = bl - 7 --=

vidzZH(w)

7, =
YT da
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Beam
off axis

image
charge

09/09/14

ri/z

Therefore the field on the beam is

B 1 A

r = 772-7%1
27eg T
(for small x,/r)

G. Franchett 62

\\ More charges here
| _

R zb-»

I

\ —_—
\ Less charges here

09/09/14 G. Franchetti 63
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Transverse resistive Wall impedance

2R Z)|(wn)
Z(wn)L = 7’2 ”n ‘res
P

16
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Transverse instability

Coasting beam instability

Force due to the impedance
(in the complex notation)

5

Equation of motion of one
particle for a beam on axis

qZ1 1y

F, =i
+ Z271'R

Ty

F4+Q%wir =0

—
 m—
Equation of motion of a qZLI(]
beam particle when the beam T+ QQWS'L = - 2R Ty
is off-axis TLamy
Collective motion 4
.. 2 2 . q4] 1o
Ty + Qwory = 1o —5—
b Qo 2m Rmvy b

On the other hand the beam center is Tp = / x n(x, Y, s)d:rdy

with / ndV =1
therefore ’

v 2 2 ~ _ qZLIO
/ade+/Q wyrndV = L27rRm'yx

b
If all particles have the same frequency, i.e. each particle experience a force
Q*wx

. qZ 1 1o

. 2 2
then Ty + Q WoTpy = —1 b
2mRmy

We can define a coherent “detuning” because this is a linear equation

. qZ1 1o .
W e — (@ AQYWS
e
AQ® 1 qZi1

= 2Quw3 2w Rmry

17



27/08/14

Tp + szgxb = —2Quw’AQ°y

thatis
iy 4+ (Q%wE 4+ 2QwiAQ)xy =0

But now AQC is a complex number !!

Solution X = AeXp[—onm(AQc)t + iwg[Q + RE(AQC)]t]

Is the growth rate of the transverse resistive
wall instability

77 = wolm(AQ°)

1 qRe{Z.}]y

T 4ATRmyQuy

Instability suppression
This instability always take place > Landau damping

An important assumption

We assumed that all particles have the same frequency so that
/ QY zndV = Q% / zndV = Q*wizy

This assumption means that each particle of the beam respond in
the same way to a change of particle amplitude

Coherent motion :> drive particle motion, which is

again coherent

Chromaticity ?

What happened if the incoherent force created by the accelerator do not
allow a coherent build=up

Momentum spread

dp/p

18
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one particle with off-momentum dp/p
has tune

1
Q=67 Q-Quiig=Qet
T

chromaticity

If each particle of the beam has different dp/p then the force that the lattice
exert on a particle depends on the particle !

F, = Q0+£7 w T
p

Incoherent motion damps x,
Equation of motion . 617 ? 2
without impedances T+ QO + 57 Wz =0

Motion of center of mass as an effect of the spread of the frequencies of
oscillation

The momentum compaction also provides a spread of the betatron oscillations

1

0.5

IE\l)faprzftlii;es =5 0
da/q=0

-0.5

-1

N. particles = 5
da/q = 5E-3

1
0.5
Example: 0 t

19



Example:

Example:

Example:

eeeeeeeeeeeeeee
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Situation

5%
Coherent ﬂ Incoherent
effect ' effect

Example:

now a spread dg/q of
1E-2 is added to the
5 curves

v

the spread of the
particles damps the TI The faster wins 7-D
oscillations of the center of

mass - the instability cannot develop

Growth rate — " Damping rate

instability of a single bunch

beam position at the cavity

I I I I ]
0 2 4 6 8§ 10 0 2 4 6 8 10 0 2 4 6 8 10

i | I

I

4|1 I

| | |

i i | |

f 1 L AW T N \
wwwww

0 2 4 6 8§ 10 0 2 4 6 8 10 0 2 4 6 8 10

No oscillations > |

w=0 =
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behavior of the field in the cavity

Cavity tuned upper sideband

t=3T,/4
T, = time of oscillation of the field in the cavity Yr
\\\\ E L
t=0 t=T,/4 t="T1,/2 f73T/4 fyﬂ ~
Ya E Y l/’%
<. J o
,\’\}‘ M N 3/ -
_ - I
n 4 turn
Cavity tuned upper sideband
t=3T,/4
Ya
L As for the Robinson Instability
\\\]\\ P
’ - x ZI (Zo ()~ Z1(w;)]
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Negative mass instability

Above transition

Example with
2 particles !
Repulsion Repulsion
forces from forces from
Coulomb Coulomb
A [ ,
| 14

reference frame
of synchronous particle

G. Franchetti

Negative mass instability

Above transition

Example with
2 particles !
Repulsion Repulsion
forces from forces from
Coulomb Coulomb
4 [ z
| L4
— N
lose speed gain speed
revolution time revolution time
longer

shorter

reference frame
of synchronous particle

Negative mass instability

Above transition

Example with
2 particles !

n

Se :

reference frame
of synchronous particle

Franchetti

Negative mass instability

perturbation

Above transition

perturbation
growth

repulsive forces attract particles as if their mass were negative

6. Franchett
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coherent effect by

Head-Tail instability direct space charge ()

Summary

Dear ?am’ci}mnrs to the CAS - ?mgue,

This handout is norﬁnisﬁe:{ "
Twill add the HEAD-TAIL
and reduce the ﬁ)mml}zx (muyée)

Giuliano
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