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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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Robinson Instability



Robinson Instability

It is an instability arising from the coupling of the
impendence and longitudinal motion
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(if below transition)
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The coupling of two effects

via the longitudinal dynamics

P

Energy Change of revolution
loss due to frequenc
impedance | !

~

because of the impedance Z(w)
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Below transition
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Below transition

N

Wy

To
Energy lostinoneturn TV, = / I(t)V (t)dt
0
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Below transition

N

Wy

Where V() is given by the impedance 7,.(w)
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Below transition

i

Wy

26 —
energy lost per particle for non oscillating bunch U = A Z II%ZT (pwo)
0

1
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Below transition

cavity
frequency

N

Wy

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

cavity revolution
frequency frequency
changes
T larger
(v  smaller
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Below transition

oy,
Wy
Energy lost = increase w = increase Z. = increase energy loss !!!
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Below transition
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Below transition

/

W W
Stable
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Below transition

W
Stable
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Below transition

"

\

Wy
Unstable
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Below transition

N

Wy
Unstable
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Summary of the reasoning

below transition above transition
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More complicated

No Energy Loss:

E<E; RF give the same
energy lost by
b € the impedance
o T
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set the cavity
frequency here

Remember that energy lost is V*I
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Source of difficulty

E<E,

Aw >0 AE Aw < 0

I
—

Impedance effect »  Energy gain Energy lost

11/9/14 G. Franchetti



Ik (1)
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time domain

frequency domain

i T
0 W
I(w)}
00 | T
Z [pezpwot >‘
p==o00 ‘ [ [e- L1y . -
I W
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Still we neglect something

E< ET position of the bunch at
turn “k”

1€
/ T = 7 cos(2mQsk)
Q; is the synchrotron
T tune
K// T = 7 cos(wst)

>
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time domain

; 1 | 1 .
IK(t3 b Sedes ! T ) =4
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frequency domain, w > ()
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p=—00
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Current

pLoT

Iy (t) ~ Z I, [Cos(pwot) 4 20T sin((p + Qs)wot) + sin((p — Qs)wot) }

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

side band side band this component

P~ is out of phase
(because is a sin)
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That means that the energy loss due to the impedance has to be computed on
the 3 currents...

Voltage created by the resistive impedance

©.@)
Main component V=2 Z I,Z,(pwo) cos(pwot)
w>0
1%t sideband V= Z LppwoT 2y (w;) Sin(w;t)
w>0
2" sideband V = Z IppwoT Zy (w), ) sin(w, t)

w>0



Prosthaphaeresis formulae

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

sin(w, t) = sin(pwot) cos(wst) 4 cos(pwot) sin(wst)

But

11/9/14

~
cos(wgt) = ;
=
T = 7 cos(wst) E> < |
sin(wgt) = — AT
_ Tws
,7'_

— cos(pwot) o
S

|3

sin(w, t) = sin(pwot)

sin(wp_t) = sin(pwot)g + cos(pwot) oy
S
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Voltage created by the resistive impedance

oo
Main component V=2 Z ]pZ'r (pwo) COS(prt)
w>0
o0 . ,7'_
15t sideband V = Z Ippwo 2y (w;')[sm(pwot)T — cos(pwot) —]
w>0 5
o B . 7-_
2" sideband V= Z IppwoZy(w,, ) [sin(pwot)T + cos(pwot) —]
w>0 5

Therefore the induced Voltage dependson T, ’7'



Energy lost in one turn

E, = /O VO

2
energy lost _2e | 4 17 pwo n _
per particle U= [_0 Ier(pw ) — 9 (Zr(wp ) — Zr(wp '
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

2 | I pwy 7€

U = T Ing(pr) — p2 Zr(wl) — Zp(w,, ))w—s
oU e I puwo M
- I p2 (ZT(W;)—Zr(Wp))w—
w>0 5

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

Z,(uu;') — Ly (w,) and T}



The longitudinal motion now!

7+ 20,7 + wiHT =0

1&)0 oU - wWo oU o Ws Zplz(zr(w;_)_zr(wp_))

&525%@_47TE Oe N 2]0hVCOS¢S

Robinson Instability

If g > (0 thereisadamping

If a4, < ( thereisan instability
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below transition

Robinson Instability

G. Franchetti
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Longitudinal space charge and
resistive wall impedance



Space charge longitudinal field

. OB . Lo B, .
VxE+—=0 %E-dl:—— Bda
ot ot
Sy
:®®é®®:TE
Ru 3 PRCIoIoIoToRv A I
iloYoYoYoTom#

| 90Ge0 | -

]{E dl = /Er(z)dr + B, Az — /Er(z + Az)dr — E, Az



For a KV beam . A(2)

r it r<nrg
Electric Field E, =< 2€0
Mz)rd 1l |
— i r>mrg
\ 260 r
Tw To )\ Tw )\ 2 1
/ E.(z)dr = / ) rdr —l—/ )7 —dr

0 0 260 70 260 T
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Therefore

2

/Er(z)dr _ /Er(z LAz = 10

460
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OA(z2)

o )] 5z °F
)]s
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Magnetic Field

)
A
HoY (Z)r it r<nrg
By =« A(Q)Ql
HoBz A0 2 if r>nrg
\ 2 r




Maxwell-Faraday
Law

— — a —
E-dl=—-—— | Bda
7{ dl 815/ a

7‘2 Tr
Ey,—FE)Az— % [142In( -2
( )87 460[ ! n<7“0>]

from the equation of continuity

Ez: w

~
ONz) \  povsrgAz rw \ | OA
0z Az=r 4 L2 ro ot
Q + v Q =0
ot 0z
1 O\
V2 0z

11/9/14

2
- e ()]
460 T0

again we find the factor 1/7% |

f
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Space charge impedance

L

Wy = T

)\(97 t) _ Z )\nei(ne—wnt) 9 — 271_3

Local density  ——>

G. Franchetti
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In 2 w ; _
Vzo — 27TREZ,w — ZZ ™ [1 4+ 92In (T_)] 67,(n9 wnt)

— 4eq cy? o

Perfect vacuum chamber E, =0

: I, 2mn r :
I'=1Iye Z47T€o Bey? [ e o ‘

1 n Tw
Lilen = —1 1+ 21 —
E; s Zeoc 252 [ +an (7“0 )]

Z||sc:

’\4>| <>
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Resistive Wall impedance

Do not take into account B
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G. Franchetti

Beam

Beam
on axis

Wall currents are related
to the electric field by Ohm’ law

E,=0c"1J,

8
>

The thickness of the wall
currents is called skin depth

2
b = ) ———
MO W

42



Impedance of the surface (pipe) Longitudinal impedance (beam)

141 2R 1 +1

004

Zsurf —
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Transverse impedance



Origin

Beam passing through
a cavity on axis

N NIN AN/




Beam passing through
a cavity off-axis




But the field transform it-self |













Effect on the dynamics

The dynamics is much more affected by B, than E because

—

F=qFE+qix B

T

this speed is high



The beam creates its own dipolar
magnetic field !

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



Transverse impedance

Definition of longitudinal impedance (classical)

[:jeiwt Q iHII"I $ V _ veiwt

Impedance

Z(w)=V/I
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For a displaced beam

source of the effect
:> S
Lxg E

this field acts on a single particle

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

d*x q -

— + k,x = E. v X E),

ds2 + Rz m,yvcz][ T (’U ) ]
G. Franchetti
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therefore for a weak effect or distributed we find

ClQI‘ QZC 2 q 1 27w R .
— — — E. v X F).ld
d82+<R>x myv%QwR/o Eo + (U x E)gds

In the time domain

d?x
dt?

5 q 1 2T R R
x — E:I; U E:I;d
Qe e = Lo [ B+ (@ ).l



Now the situation is the following:

W) - P v [T B

it depends on
frequency
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Transverse beam coupling impedance

[ITRIE + 7 x B]Lds
Blxg

ZJ_((U) =3

now the question is
whatis w ?



Whatisitw ?

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

Example: Q=2.23

=

oK

Y

fractional tune q=0.23

i

Iy beam position
/ﬂw seen by the cavity

)

Cec e b e b e e b g | turns

0 2

11/9/14

4 6

G. Franchetti
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B-field induced by beam displacement

OF,
From 9 klxg |:> E, =klxygx

electric field at the position of beam x, is

Longitudinal impedance

E, [
Z|| = — (;70) = —k‘%gl




The magnetic field comes -~ OB

VxE+——=0
from Maxwell a1
By hray e Tz = Lo
t

) B _ M e _ Rl
Yy - - .
(A0y, (09,
Transverse impedance

[)[7 x B.ds v, kl
— __ —
Z, =it - 7z -——

(s Cl2Z|| (w)
2w  dx
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Beam
off axis

11/9/14 G. Franchetti 61



image
charge

11/9/14

7“12)/33

Therefore the field on the beam is

1 A
= —
2meg T3 b

TP

(for small x,,/r,)

G. Franchetti
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OF
— x Iz

ox

More charges here

>

Less charges here
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Transverse resistive Wall impedance




Transverse instability



Coasting beam instability

Force due to the impedance
(in the complex notation)

e

Equation of motion of one
particle for a beam on axis

L]
[I—

Equation of motion of a
beam particle when the beam
is off-axis

qZJ_IO
F, =
L 27TR
i+ Q*wix =0
. qZ1 1o
i+ Qi = ZZWRmfy

Lh



Collective motion

On the other hand the beam center is Tp — / T n(x, Yy, S)diEdy

/xndV + /QQwoxndV = —

therefore
;4 AW
27TRm7

Lh

If all particles have the same frequency, i.e. each particle experience a force
Q*w?x

. qZ 1
then il?b -+ QQwab — —1 44170

2w Rmyy b



. qZ 1
xb+Q2wab__Zq 140

2™ Rmry b

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

o o . qZ11 N2 2
| — A
Q" wj ZQWRmy (Q +AQ)*w
————
AQ° = i 1 gz 1

2Qwg 27 Rmyy
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iy + Q%wimy = —2Qw*AQCxy,

that is
Ty + (szg + QQCU?)AQC):E() =0

But now AQC is a complex number !!

Solution xp, = A exp|—wolm (AQ)t + iwp|Q + Re(AQ°)|t]



-1 c Is the growth rate of the transverse resistive
T = wOIm(AQ ) wall instability

1 qRe{Z, }I

T ATRm~yQuyg

Instability suppression

This instability always take place > Landau damping



An important assumption

We assumed that all particles have the same frequency so that

/Qng:EﬁdV = Q%w?

rndV = Q*wiTy

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
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Chromaticity ?

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

Momentum spread

> dp/p

G. Franchetti
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one particle with off-momentum dp/p
has tune

0
Q=67 B Q-Q+iQ-Q+”
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 !

5 2
Fx: QO_I_é-?p w2x



Incoherent motion damps x,

without impedances

| | ) 5p\ >
Equation of motion i <QO _|_€;p> Wrr =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



N. particles =5







™~ ™ S L~ ™



AT
e

|

il

] B i
j |
05 I |
- /s‘
Example: I |
N. particles =5 0 _ / ‘
dg/q = 2.5E-2 - //
- ,/ |
'05 C /
- ’ U ‘
_] __ \ﬂ W
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But incoherent motion reduces x,

2

these are 5 sinusoid
with amplitude linearly
growth ]

I ST,
vvvvv
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Al
E);?A/maple: dd /q of 0 V/ //‘\ ‘\ ‘

' \\v v x \Ml\‘w

eeeeeeeeeeeeee
particles damps the
oscillations of the center of
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Situation

Growth rate Damping rate

TI The faster wins TD
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instability of a single bunch

Example beam position at the cavity

No oscillations =

W =
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|

|
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side band

side band
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behavior of the field in the cavity

T, = time of oscillation of the field in the cavity

t=0 t=1T./4 t=1T,/2
" Yh "

Y
~ X ~ 15
\\\ x\\ EZ
/} E'E"X_r] \\\,}

T
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Cavity tuned upper sideband

t=T,/4

f —_ :?)qull.lf—_l:
Up

11/9/14
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Cavity tuned upper sideband

f —_ :?)qull.lf—_l:
Up
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As for the Robinson Instability

:—ocZIQ Z,(wh) = Z) (w;)]



Negative mass instability

X
Above transition A
Example with
2 particles !
Repulsion Repulsion
forces from forces from
Coulomb Coulomb

—  — -

reference frame
of synchronous particle
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Negative mass instability

Above transition

Example with
2 particles !

Repulsion
forces from
Coulomb

11/9/14

—

P

lose speed
revolution time
shorter

Repulsion
forces from
Coulomb

AA =
—
gain speed

revolution time
longer

reference frame

of synchronous particle

G. Franchetti
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Negative mass instability

X
Above transition A
Example with
2 particles !
—

reference frame
of synchronous particle
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Negative mass instability

Above transition

X X
A ' ?
perturbation perturbation
\ growth
> 7 > 7

repulsive forces attract particles as if their mass were negative
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Summary

Robinson instability

Longitudinal space charge and resistive wall impedance
Transverse impedance

Transverse instability

Landau damping

Single bunch instability

Negative mass instability



