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Instabilities in ion beams
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o Beam instabilities are driven by the electromagnetic interaction with the
accelerator environment.

o Above a certain intensity threshold the beam’s oscillation amplitude increases
exponentially and the beam is either lost at the wall (transverse instabilities)

or the emittance increases.

o Presently, instabilities are one of the main beam quality and intensity limitation
in synchrotrons and storage rings for protons and ions !

o Finding cures for instabilities is one of the major challenges in beam physics and
accelerator technology for future machines.

This presentation will focus on (transverse) instabilities in synchrotrons and storage rings

Presentations by G. Arduini (LHC), J. Stadlmann (synchrotrons),
G. Franchetti (beam dynamics)
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Literature
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Books:
- Alex Chao, Physics of collective beam instabilities in high energy accelerators (1993) -> online

- B. Zotter, S. Kheifets, Impedances and wakes in high-energy accelerators (1998)
- K.Y. Ng, Physics of intensity dependent beam instabilities (2006)

CERN Lectures (CAS): A. Hofmann, J.L. Laclare, K. Schindl,...

Other lectures:
- B. Zotter, F. Sacherer

Transverse instabilities of relativistic particle beams in accelerators and storage rings (1976)
-J. Gareyte, Transverse mode coupling instabilities (2001)

See also:
- IPAC and ICFA-HB confererence proceedings (JACoW)
- Phys. Rev. ST-AB and Nucl. Inst. Meth. A
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Instability mechanism
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1. Electromagnetic (EM) interaction of the (perturbed) beam with its surroundings
-> Frequency dependent impedance or wake fields

2. Coherent beam oscillations: Coherent tunes Q and spectra f(Q)

3. Beam instabilities:
Imaginary part of the coherent tune shift dQ gives the growth rate t!

4. Cures: Impedance reduction, increase the tune spread, feedback systems

Impedance reduction —*  impedance: Z

Counter measures EM interaction
above
. threshold .
Landau damping, Feedback«—— oscillation modes: Re Q — Instability: Im Q
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Fields of a moving charge in vacuum

- pancaked field
? Conducting wall
s SIS,
Pillbox for -q
1 R / Gauss Law b A
! |
q v q Eﬁ——» c -L— q $——Pp C
ik ¢
v=cC
v YAAAAIIAIAIAI L
Electric field: E = gA(s,t) Image charges/currents
o qr " 2me,r follow the particle
= dme,y’ (z2 +7’ /}/2)3/2
’ B = qloA(s,1)
=
2Tr
Line density:
dN
A.Chao (1993) Man="gs =06 s 8 s
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AT

Fields of a moving chargé in a pipe
| ‘

finite wall conductivity: O

Longitudinal wake field

Wake electric field lines

4"‘Tr—l1[lll"llIlllllllllll']l 1 ] T 1 I 1 1 1 I s "
A \% V i
\ N
/A I\ |\
2+ / — M \
SAOPNEE E(z,r) YA
N4 |
0 = \\‘—// —] : q c
|
-2 Er (Z) —— : é
B : @ | 2
| I ! | | \ .‘ é A
S 0 ] _15 [ R = P _15 2 HITAY :
z Z
Fields of/in a bunch: L ! OV A
- EZ(Z)Z——JIb(Z W (z—2z')dz
Boc
z
A.Chao (1993) %% TECHNISCHE
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Wake fields andimpedfances

®

longitudinal impedance induced voltage:

I(Z,t) — iei(kz—a)t) Z”((!)) — _% ! EZ(Z)e—iwz/c dZ [Q]

current modulation
VZ(ZJ) = —I(z,t)Z”(a))

transverse impedance: deflecting force:

beam offset modulation:
JF e dz [Q/m] F. :q(Ex+[\70 xé]x)

X(z,t) = ke Z (0)=
Qﬁo
beam pipe cos(9)-superconducting magneltm

® image currents
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Impedance of a resistive beam pipe
Longitudinal

. . iwgZ,
<_]'>E-d§=—ijB-dA — E=-E ——¢& of Z/(w)=
dt Y dme ey’ oz 20,By°
(Faraday’s law) Z, = (,goc)_1 =377 Q
E =—LZRI = Z'= K ds<o, o,= 2
" 27R "o db 1,0, 0
(low frequency resistive wall impedance) skin deoth
(skin depth) Z(0)=Z*+iZ! ()
surface wall conductivity: O wall thickness: d
I R__ R
[ =—1 -1 . Js = ZII
=1 E=0) "~ 2rbd o,db
\ / (resistive wall impedance)
b
E} [(z,t)= ")
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- Application: Energy loss avn,'d hgét load

\ 'I Y / | I_

Energy loss of a bunch: (\ m

dw

Al —QIlb(Z)EZ(Z)dZ
N, z"
A, (2) = l eXP(_ 2)
\ 2
2ro, o, \} beam pipe Bad conductor

Energy loss per turn (see e.g. A. Chao):

dw
g ¢~ , Heat load: P=—— [W/m]
AW, === A(@)F ReZ'(@)do by, ds
L LHC injection kicker (ferrite loaded) heat up and one needs
_ W O, to wait hours that it cools down to reinject (B. Salvant, 2012)
A, ()= N,exp| — 2pe
0

All MKis are getting hotter...

Example: (Thin) resistive wall

R N? 1
ZR =— = o< 9 b
| O-de AWb 0_3/2 O_wbd

-> CERN Courier, 2012
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Transverse impedance of cylindrical beam pipe
A RO Y 2\ /ORI /) A, Gt S

beam with a horizontal offset in a pipe

A y
cos(ﬂ)—magnetI - conducting beam pipe

Ji(@)=j,(0)cos(9)

surface image

—gA,—I Image charge/current

current
A ,
NP AN
b2
I’l =—
. X |
Image fields at the center of the beam: Force on the beam center:
g Hol _ gE G*AX
- B = = — = X —
* 2me,h Y 2mh = F=qlE b)) vy  2mey’h’

—i ZO
Y 2m(Byy,)’ b

(imaginary wall impedance)

Z,=(g,c) =377Q
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Transverse impedance of a resistive beam pipe
VA ROWE Y 2 \/UN O /A ] S SURN

Yy image current Vertical B-field:
surface-density:

O\ J.9)=j,(0)cos(9)

B, = I§y exp(—imt)

beam offset:

X(t) = xexp(—iwt)

image surface current density:

.4 . : Ix —i (n A 2¢cR

J; = J,exp(=iot)  j(0)= Z(@)=——(E,~vB)L = | Z(@)=——, d<§
b’ (@) /301)%( b)) A®) b’do @ !

longitudinal electric field: (resistive wall impedance)

E.=E exp(-iwt) E.=0]'j, o, =0,d 2 .
= Beexptmion 0, = (skin depth)
(surface conductivity) Hy0,, @
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‘Example: The thin SIS-100 beam pipe

SIS-100 thin (0.3 mm) stainless steel Longitudinal electric field in the SIS100 pipe structure
beam pipe with cooling tubes attached. resulting from a dipolar excitation (= 150 kHz).

S Wall currents in the
pipe wall

------

Transverse impedance (horizontal)

e

— Plain Elliptic Pipe
Attached Cooling Tubes
-- Cooling Tubes + Box

2¢cR
b’ocwd

- still mechanically robust (+ rips) Z (0)=

- for 4 T/s: tolerable heating + field distortion ™ ;3| - =fo(n=Q,) =100 kHz
Q ‘

- rf shielding of EM fields ( > 50 kHz ) o skin depth:
- problem: large resistive impedance ! 0,(f)=1.6mm
102 1 1 L : 1
10° 10* 10° 10° 10’
* In the frequency range of interest outside fTHZ]
structures do not contribute to the impedance. U. Niedermayer, O. Boine-F., NIM A 2012

* The thin resistive beam pipe is the major source for
the expected head-tail instabilities in SIS-100.
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Field of research: Wake field of an electron cloud

Beam velocity = ¢ beam pipe

Electron density
induced by a short
ion pulse

Short (< 10 ns) proton
\ / bunch (N.=1011)

E_/{aNY IV/(amil

e-cloud \ /
J. Esteban-Miiller, 1694
E. Shaposhnikova e N .

0.35} /6/ 1690
~10 -5 0 5 10 .
) Horizontal plane /0 03} / g { [ 7168
in an electron cloud: o -
= 0.25F s, E
S Y | =
dl ~ 4_7rq2len 2 ln é g 0.2 ././‘ffb e
dS 60 e a oxsl K 11686
epy . . /’/:/’: 1685
-> observed rf phase shift in LHC. o1t & o oce s
‘4/“ - @ :
The e-cloud cannot strictly be described through °* /* . . .« L 1677
. . . 7 e e & L s
a longitudinal impedance ! T I S e R Tt

-> depends on beam parameters (e.g. bunched or dc)

Total intensity [1 014p]
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Field of research: Wake field of,an electron cloud

Transverse wake can be
approximated as a
broad band oscillator:

R R
F(z)=c Ssin(we z) —-ocn
) c )

electron oscillation frequency:

f. =100 —300 MHz

Transverse impedance:

R
Z.(0)~— :

()]
1+iQ(we—CO)
0 o,

-> Transverse beam instabilities

e

beam pipe

one displaced
bunch slice

A

e=doud\/

— (1,1)

e (1,10)
g -- (10,1)
| ---(10,10)

Ohmi, Zimmermann, PRE (2001)

0.02
-z (m)

0.04 0.06
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Transverse beam oscillation spectra

Dipole moment: A(z)=1(¢)x(¢) Difference signal U, : beam ‘offset’ fluctuations

x(t) :transverse beam offset

spectrum !
Transverse oscillation spectrum: analyzer i

N\

A()———A(f)

Transverse (rigid) bunch oscillation:

W (1) ~ 0

N

s=B,c(t—1,)=z—2, (longitudinal position)

Longitudinal (rigid) binch oscillation: Bunch current profile:

_6- I(t):Ipexp[—M)

T(t) ~ e i
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Single particle oscillation spectrum

Betatron oscillation:  x(¢) = acos(Q,w,t +®,) Dipole moment: A(t) = x(t) I(t)

- AN
Apy A(t) = acos(Quw,t +,)dfy D, 8O(t)—8,, —2mm) 7 ™N
a - o '
time
-a
Frequency domain: A1) =qaf,R D, exp[—i(n+Q,)w,t +9, |
Looking at positive foe=mx0y)f, (betatron sidebands)
frequencies only:
(synchrotron
("'Q)fo"'sto satellites )

f
Only positive lines

can be seen by
n-Q)f nf n+Q)f
the spectrum analyzer. (n-Q)f, 0 ( )fo
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Single particle power ;sbectrum

h(f)=lA, ~J, [((n +0,)-0: )woﬂ | Chromatic tune shift:
1 Qé — 5 /T’O
1.0}
E Chromaticity:
0.8} : A0
. &=
< 00 : P/ P,
=\
0.4} E
0.2
0.00 2 4 G 3 10
f1 1o

Gz,
§§ﬁ§vﬂ‘ TECHNISCI_-!E
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A

Coasting beam: transverse spectrum

. . . _ A 47
Betatron oscillation of one beam slice: x(QO )= xe—’a’OQO’

Seen by a stationary observer (pick-up):

x(0,1)=xe'"™ "

fast/slow mode: @, , =(n=xQ,)w,

Lowest mode in SIS-18 ( Qoy =3.24):
fmin,— = (4 - Qyo)f;) = 04]60 = 80 kHZ

-
- -
- -
-y --
oo o - - -

Jos =m+00) fo

(betatron
sidebands)

(n-Q)f, nf, (n+Q)f,
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Beam oscillations with impedances
coasting beam

. . 2
single particle "y 0, Y= F,
betatron oscillations: R ymv,

. . , dx
horizontal divergence: x :d_ path length: S:ﬁoct
S

beam oscillation

beam offset:  X(s)= Ibe(x,y,S)dxdy driving force

~ -~ \ ’ \
= QO2 Evy 1 q]Z Y / /
X'+ =X = =i——X /7 /

— A iy (Qy+AQS )
= Xx(0,)=xe ™"
GIR'Z,

Coherent tune shift:  AQ! =
2QOﬁO

Complex impedance: Z =Z8+iZ!
Coherent tune shift:

AQ; = w Re(AQ)

Growth rate: T = a)OIm(AQ;)

= x(0,)=e

e

In order to increase the
amplitude of a driven
oscillator the driving force
must be ahead (in phase)
of the motion.

Anyone who has pushed
a child on a swing will
know this.....

—T;‘teiia)o (Qy+AQi)t
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Resistive wall instability
coasting Ar'® beam in SIS 18 at injection (11.4 MeV/u)

Beam offset vs. time observed in SIS 18 Z%(e) c
F T T T T T a) —
2F 1 * 7Z'b3dGWCO
2 - Xocexp(7T ?)
5 1 (transverse resistive
E wall impedance)
w5 O
8L
K
E -1F 2
@  F 7T =38 ms _ IR ¢
3 T 1:coOIm(AQ)f””): 9 -
2 T 2rQB Eb do o
025 030 035 040 045 050 055 0.60 ()
time (sec) E = Jmin- = (4 _QyO )f() ~ 160 kHz
ol . LT
7S 0 fminz(n_Qy)fZ)=160kHZ - E
= :u? 1.0
S -10 + n:4 — g
s 201 g g 03¢
= 8 C
g 30 . o 0.0¢
2 & .
= ° 05
= @ C
S 2 -1.0f
% C
-1'5:.........I.........l.........I.........I.........l..:
0 1 2 3 4 5
time (tums)
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Landau damping

coasting beam \ 4
slow mode/betatron line: A. Hofmann, Landau damping, CAS 1995
0, =(1-Q)a | -
o Landau damping vs. phase mixing
momentum dependence: _ .
o Landau damping causes emittance growth
do, dw, dQ
dp/p) (n-0) (dp/ p) T (dp/ p) @y o Landau damping can be reversed: Echoes
AQ Aw Ap o Octupoles: increase Landau damping
&= —=-n,—
Ap/ p, @y Po

(chromaticity)  (frequency slip)

Frequency/tune spread:

= b0 =(€—n0(n—Q))wo%

Damping: Beam stability: ’l:;1 2 Tz_l or 0Q >‘AQC
T, = 6w, X(t)==xexp(iwt—dw)

Instability threshold !
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Feedback systems (tran,sversé dampers)

. D
DeﬂAe;,tor. Pickup: X'+ =2Xx=Ax"0(s—s

Normalized gain:
RAX’

QyX

G = ~ 2T, T}

Frequency range: 10 kHz-50 MHz

Beam

(Digital) transverse feedback system:

Poster: A. Alhumaidi Pickup | pu [—|FPGA Defl.| Deflector

Feedback
processing unit
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e Yy /
- Transverse rigid bunch oscillation

2 .
Discrete h(f,)=|Af,) g X (1) = Ae 09!
power spectrum G (bunch S
- length)
Dipole signal: Standing wave pattern.
f

A(t) = X Ae

—(nxtO)f
fn (nx QJ )fJ (betatron sidebands)

(n-Q)f, nf, (n+Q)f,
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Transverse rigid bunch oscillation
with chromaticity

Zotter, Sacherer (1976)
Shifted power spectrum

h(f)— h(f - 1)

%(1)=Ac e 0

Traveling wave pattern !

x =0 x #0
~_ "

ap=¢2 2 __ T x=2—”jAer=5worb A
p p Ny T, 0 N,
(head-tail phase shift)

AQ >0
bunch tail /— bunch head
S — >
4 -

( L7 on
~—— ?EJ'Ath (betatron phase shift)
00

b
I
=
S
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\ NP a8 'Vn/ ‘ }'
Head-tail oscillations =~

Zotter, Sacherer (1976)
A N, W ANAVAY A\/\[ |
AN N n afla XM emorie
v .

Power spectra | "

m=0

AT ,t) = I(T)X, (T 1) o< cos(knT / T, )e #*/% e~ m=1

Unstable head-tail oscillations in the CERN PS

Ry | Tyer——— T
illlr’?'v"vl! ol e
: | o A | B | fAn. |
‘-..__\ '.’ ,ﬁ‘*“‘u"\";‘ A e

.00 .

E.Metral et al. (2005) B TECHNISCHE
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Head tail instability

coasting beam spectrum / coherent tune shift: Zotter, Sacherer (1976)
_ .. qIR’
Aw)=Ix(w)=0(w-w,) AQ,=-i——Z7Z (0,)
20,B,E, Re Z;“
Stable —
Head-tail tune shift: 1

A0 = Y[MOF Z@) 0 =0, \//

L1 g D how-0.)ReZ(w)

T —_
C O 1+k20,B,E, Y h(w-w,)

¥

Unstable 7

for a smooth impedance: Re Z:

T_l — _q—l
" 20,B,E,,

Rer(wg) . ) .. .. )
Positive/negative chromaticity above/below transition shifts all modes

towards the positive frequency side. Mode k = 0 becomes stable, but
mode k = 1 may be unstable because it samples more negative Z than
positive. No head-tail instability for compensated chromaticity.

&7 TECHNISCHE

g@/é UNIVERSITAT
Y9’ DARMSTADT

O. Boine-Frankenheim, WE Heraeus Seminar, Bad Honnef, Oct. 2012 26



Transverse Mode-Coupling Instability (TMCI)

Well known for electron ring machines.

20, [
Observed in the CERN SPS with protons. Q 1_ —
S

Caused by the kicker impedance or e-clouds. running unstable wave

—
—

—_—

—

o e il (_ Imaginary -
8 1 4 1 | I I
* SPS Measurements . !
——HEADTAIL simulations | | :
€
E’ =1 Real .
= k=-1
L)
=
£
2
2 5 N
= -
k=-2
lllllllllllllllllllllllllllll
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Bunch intensity

B. Salvant et. al. 2008 -> field of study: feedback for TMCI
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Field of study: role of space charge
VN GRGAEERY, . .. T 7 F ey =€ . T

Incoherent space charge tune shift:

Q¥ e 4. I R
X 2.,3
meé&.pPyYo
2 ]
. positive k AQ, -0 |
\
0 Y
|
Sy
<=2
<
a _5|
_4_ .
negative k
el AQ, = —-AQ.,
_6 L I ! | ) ~
0 1 2 3 4 5 6
AQSC
0,

Blaskiewicz, Phys. Rev. ST Accel. Beams (1998)

Boine-F., Kornilov, Phys. Rev. ST Accel. Beams (2009), Burov (2009), Balbekov (2009)

Coasting beams:
o Loss of Landau damping.

o Increases the Landau damping caused by octupole:
o Does not change the coherent tune !

Bunched beams:

o Does change the coherent tunes !
o Causes ‘intrinsic’ Landau damping.
o Suppresses TMCI.

head-tail tune shifts:

. AQSC 2 2
AQ, === £\(AQ, 127 +(kQ,)
AQ, = kQ,

AQ* =0:
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Summary and Open questions
VN GRGAEERY, . .. T 7 F ey =€ . T

Impedance reduction —>  impedance: Z

Counter measures EM interaction
above
. threshold .
Feedback, Landau damping «—— oscillation modes:ReQ  ——> Instability: Im Q

Fields of study (selection):

o Damping of fast, high-frequency or multiple mode instabilities ?

o Possible cure: High gain, broadband feedback (> 100 MHz) to resolve the internal
head-tail bunch offset.

C. Rivetta et al., BROAD-BAND TRANSVERSE FEEDBACK AGAINST E-CLOUD OR TM(CI, Proc. ICFA-HB2012

o Interplay of different coherent and incoherent effects (-> strange new instabilities):
Space charge, beam-beam, impedances, octupoles, feedback, beam cooling
-> Large scale simulation studies, experimental validation.
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Beam breakup instahb’iklity

> t

— e hositu /o J. Gareyte (2000)
i =

The instability (in rings) is usually suppressed

by the synchrotron oscillations. @

x,(t)=Acos(Q,w,t)

Observation in the CERN PS near transition

' . 2
>, AR, AV signals : X, + (Qoa)o) X, =0x, (1)
L\EE 1‘*11 — )
«; . “-_, o = L]ZNW1
S IS R S R my,
VI Iﬂqﬁ"’.‘v P’_h_,,_..—-—"'w
i \ i b\m::;rﬁww x,(H)=A tsin(@,0,t)
i 0@
 Time (10 ns/iv) p—

R. Cappi et al. (2000)
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