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Collective Effects:
* forces due to many-particle system
 “swarm” motion of a many-particle system

Single-particle Collective
(incoherent) - (coherent)
oscillations observations oscillations
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Incoherent Coherent
oscillations oscillations

Incoherent Large & important Coherent
tune-shifts differences tune-shifts

AQ=Q-Q, AQ=Q-Q,
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Incoherent No coherent
oscillations oscillations

y>=0

coasting beam: L=C, A(z)=const,

no synchrotron motion, 6p=const
bunched beam: L, .., A(z) profile, ___.._.Z’,
synchrotron oscillations Q; : 6p-z
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Oscillations, Forces

incoherent coherent

\
/

)

1 1 _ ol 1 1l — Ll
inc F— = Finc + Fcoh F- = Fc:jh
J
EEi

V. Kornilov, CAS, 2-15 June 2018, Tuusula, Finland




V. Kornilov, CAS, 2-15 June 2018, Tuusula, Finland 6



Water wave

Sound wave

Calm sea level

Crest

Wave Frequency Wave Period
The number of wave crests The time required for the wave

passing point A each second crest at point A to reach point B

Increased Atmospheric
Pressure Decreased Pressure
Pressure
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Propagation of

Motion of air molecules
sound

associated with sound.

Traveling oscillation in a medium.

Very different from the medium particle motion.
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» Oscillations: waves

Waves can be
unstable or damped

The wave frequency is complex:
W= W, + tw;
The wave physical parameter:

A(t) = Agcos(w,t) e’
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We observe, and we are interested,
only in special collective oscillations:
EIGENMODES

V. Kornilov, CAS, 2-15 June 2018, Tuusula, Finland




Eigenmodes
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Eigenmodes: intrinsic orthogonal oscillations of the dynamical system,
with the fixed frequencies (eigenfrequencies)

AxX = A&
/

eigenvalue | [ eigenmode

We often talk about the shift: Eigenmodes of a tuning fork.
Pure tone at eigenfrequencies.
A} = Q — Qeigenfrequency

]
Il
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w(s, t) — woeins/R—iQt

n is the mode index.
Wave length: C/n
Frequencies:

slow wave Qs = (n — Qg)wo

fast wave Qf = (n+ Qp)wo

Angular rotation (Q,):

Qang — ( — %)wo
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Elgenmodes ma coastmé beam

Experimental observations of the coasting-beam waves

Space Structure:
n=4, as expected for Q=3.25,
with correct Q.and Q_,

beam offset (arb. units)

SIS18 synchrotron at GSI Darmstadt

V. Kornilov, O. Boine-Frankenheim,
GSI-Acc-Note-2009-008, GSI Darmstadt (2009)

time (turns)
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Eigenmodes

Frequency Structure:
f=159.9kHz, as expected
(1-0.25)f, for Q=3.25

,,,,,,,,,,
Y iy

10 - n

10 |
20 L |
30 |
40 H |

SIS18 synchrotron at GSI Darmstadt

spectrum power (arb. units)

V. Kornilov, O. Boine-Frankenheim,
GSI-Acc-Note-2009-008, GSI Darmstadt (2009)

t/1,
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‘Eigenmodesiin Igtmched,!)e ms

Transverse collective oscillations in bunched beams:
Head-Tail Modes

Eigenmode:

local dipole moment
local dipole moment

z/z,
y A Eigenfrequencies:
i 3 -~ 14
_— e R —— .|_ ............... > ‘§' 1oL
| £ 17
I € 08}
‘% 0.6
g

BPM A-signal along the bunch, ol |
overlapped over several turns: 2 LA \,;
Wiggles and Nodes R

o
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Eigenmodes in bunched beams
VNG ANERY, . © T TS W

Head-Tail Modes are measured in many machines,
the first observation in CERN PSB (1974):

=== 1L
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Different types of coherent oscillations

Transverse, Longitudinal
Dipolar (m=1) Quadrupolar (m=2) Sextupolar (m=3)

Here we consider mostly the dipole transverse oscillations.
For the others: the physics and the formalism are similar.
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Impedances

IE== 1L
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Wakes & Impedanc_eé

Leading charge

Trailing charges

Leading charge
generates
electromagnetic fields

Leading charge is
loosing energy

Trailing charge is Tl L C
gaining/loosing -15 -10
energy 2/(20)""

Electric field pattern for a resistive wall pipe
A.Chao, Physics of Collective Beam Instabilities in High Energy Accelerators, 1993
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Dipolar wakes: F,,~ Ax,

(driving) the same for the whole trailing slice: coherent

Quadrupolar wakes:  F,, ~ Ax,
(detuning) different for individual particles: incoherent

experiences the wake field

trailing leading

The facility impedances have coherent and incoherent effects
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- Wakes & Impedances

In order to describe the effect of the wake
fields, we define the “wake function”.

The energy loss/gain of the trailing charge. [\(\W/\\

The longitudinal Wake Function: R o — —— . P——

/F“ds = Agz = —QIQ2‘/‘/||(Z) k\)\/\/

Fi(s,z) = q2E.(s,2) z _
Trailing Leading
charge q, charge q,

The “lumped” (localized) impedance:
one interaction per turn.
Field integral is over the structure elements.
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~ Wakes & Impedances

In order to describe the effect of the wake
fields, we define the “wake function”.

The energy loss/gain of the trailing charge. [\(\W/\\

The transverse Wake Function: I _._._._._._._._._.51.3‘:_.
/Fwds = E)AT, = —q19: W, (2)x4 k\)\/\/
V4
F,.(s,z) = qE,(s,z)+ Q2{’v X B} (s,2) -
T Trailing Leading
charge q, charge q,
The dipole impedance: the offset of the leading
particle produces the wake, which does not
depend on the trailing particle offset.
= Ei
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Z”(w) = / 6_iwz/vW||(Z)d’v—z

In the frequency domain:
IMPEDANCE
a complex function of the frequency

Z, (k)

. d
Z (w) =1 /e“"“’z/”WL(z)—z
. v

0.8

0.6 |

0.4
0.2

0.2
0.4
-0.6

An example:

- resonator mo

0 0.5

1

Frequency (GHz)

Effect of an impedance on a collective eigenmode:

(Q = QRe -+ ZQIm — Qmode + "%ng + ZK’Zlelfg

beam oscillation

frequency shift

growth rate
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Bipolar Kickers =
Resistive Wall )

e Broad-Band
g
=3
J° 1F
N
)
o
01 | ' 1 p ol
0.1 1 10 100 1000
Frequency (MHz)

Example: real part of the transverse impedance in SIS100 of FAIR, Darmstadt
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Impedances:
an intensity effect (larger g - stronger fields)
can be coherent and incoherent
affect the coherent and the incoherent

frequencies (both can be observed)
a beam-external effect

Trailing /\\ Leading
charge q, charge q,
@

IE== 1L
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Tune Shifts
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BPM Signal = 0; Schottky Monitor signal # 0

BPM Signal #0
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But then, how to understand this:

[V slope = -0.002070 +/- 0.000019
005 ¢

- 05 ._ \

=001

*

-015 F

AQy

- 020+

- 028

_.0'30...I.l‘l...l.-.l...l.
b} p 4 6 ] 10

i010 protons per bunch

AQn

M5
020
015 .
010 -
005
000
- Q08
=00 [

=015

|

[ H slope= 0.000000 +/- 0.000008

3

-H ‘. * ‘.I

0 T 4 6 i . 10‘

i010 protons per bunch

Single bunch tune measurements at the CERN SPS, J. Gareyte, EPAC2002

What has been measured?

The horizontal impedance was surely non-zero.
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Tune Shifts

<
a -

07 elliptical pipe
Laslett coefficients for coasting beams: ' o ' ' ' ' ' '
/16 b, /b, > 1
0.6 F y/ Mx i
AQume = —CAo o | T _ciierpie
e O ph2 £ 05 |b,/b>0
2 -8 parallel plates &y
p— — o
2 g
© X
. E 02 i
¢, : symmetries, coherent £,=~€,=n?/48
0.1 | N
.. €
€, : unsymmetries, incoherent y
0 | | | | | 1 1
1/y2 : E-B cancellation 02 03 04 05 06 07 08 09 1
by / b,
Elliptical pipe, h=b, is the half-height.
Perfectly conducting pipe. Handbook of Acc. Physics and Eng. 2013, 2.4.5
Diff for: K.Y.Ng, Phys. of Intensity Dep. Beam Instab., 2006
Ifferent terms tor: o P.Bryant, CAS1986, CERN 87-10, p.62
Low frequencies (ac magnetic field)
Magnet poles 2rpR2
Partial neutralization ¢ = 22
B2vQo
@
5= 1L
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.; Tune Shifts

\ Ya y .
e”iptical pipe

Laslett coefficients for coasting beams: 07— ' ' '
06 /16 b, /b,>1 |
AQme = —CAo °l ———_ circuar pipe
e O p2 2 05F b /b0
2 3 parallel plates gy
— — o
coh 0 h2 ’72”1,2 % 03 | 1
g Ex
E 02 -
For bunched beams (B=/,,/I ..): g,=—€,=10/48
0.1 | -
€1 2 8y
AQinc — _CA() — /B + 0 l 1 ! ! ! I )
h? B~? 02 03 04 05 06 07 08 09 1
b, /b
B%e1 &1 T t
AC?coh — _CAO + ——

h? B~2h? SPS pipes

The bunching factor, the cancellation, B2

. : Handbook of Acc. Physics and Eng. 2013, 2.4.5
dappearin a non—stralghtforwa rd way K.Y.Ng, Phys. of Intensity Dep. Beam Instab., 2006
P.Bryant, CAS1986, CERN 87-10, p.62

o
5=
V. Kornilov, CAS, 2-15 June 2018, Tuusula, Finland 29




Intensity Effects & Tune Shifts

From the first-order expansion of the forces for small perturbations,
a symbolic relation:

AQcoh — AC)ZJ- + AQinc
I [ I

Coherent tune shift: Tune shifts due to Facility- and lattice-related
everything affecting (x) | | impedance: {x) acting on incoherent tune shifts.
individual particles. No space charge.
Include incoherent effects.

this is why there are incoherent effects in the coherent tune shift

,3251 &1
AQcoh — _CAO[ h2 +W]

Handbook of Acc. Physics and Eng. 2013, 2.4.5
K.Y.Ng, Phys. of Intensity Dep. Beam Instab., 2006
P.Bryant, CAS1986, CERN 87-10, p.62

]
Il
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Intensity Effects & T~unQS ifts

07 I 1 I I I 1 I
AQcoh — AQZ-L + AQinc 06 F
o 2 05} :
:8 €1 £1 § 0.4 | SPS pipes y
AQcoh = —CA() h2 + B’Yzhz § 03 L
L gx
o1l T
Incoherent effect of the unsymmetries reduces e YT
AQ, horizontally and enhances AQ, vertically 02 03 0405 08 07 08 09
y
LV slope = -0.002070 +/- 0.000019 OB
005 ¢ 020 B
000 gttt o[ H slope = 0.000000 +/- 0.000008
-005 - \, 010}
-.001 r— 005 -
< -0 ~ oS +
- 125 - 00%
ol e L L _-...,..1...1...4,..1,
0 2 4 6 8 (0 o ; p p " "

010 protons per bunch 1010 protons per bunch

Single bunch tune measurements at the CERN SPS, J.Gareyte, EPAC2002
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Space Charge
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Electric field due
to the charged
beam particles
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Transverse “betatron”
oscillations of a single

particle, amplitudes a,, a,,
frequencies: tunes Q,, Q,

Due to the electric field of
the “space charge”, tunes

are decreased by AQ, , AQ,;:
tune shifts

is a collective effect: many particles produce the field
affects the incoherent oscillations: the field moves

with the beam center
is @ beam-internal interaction
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Space charge is a beam-internal interaction.
The effects of space charge are different from the external ones.

This is space charge

- - —
Baron Minchhausen

IE== 1L
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Space charge tune shift:
is always negative
proportional to the intensity (A)
depends on the transverse distribution (g,)
1/y? : E-B cancellation
1/a? : transverse beam size (emittance ¢)
different for every particle (tune spread)
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Space Charge

}

Tune diagram without space charge

Example for tune spreads: 19 | | | T
SIS100 (FAIR, Darmstadt)
Resonances in the transverse 18.8 N
oscillations: >
kQ,+mQ, = n O
2 186 | -
2" order, quadrupole |3
3"d order, sextupole o
4th order, octupole g 18.4 - —
()
Black dot: set tunes =
Q,=18.84, Q,=18.73 18.2 n
Green area: tune spread due
to the chromaticity § 18 ' ' ' '
Ap 18 18.2 184 186 18.8 19
AQ = Q¢ ry Horizontal Tune Q,

Il
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D Space Charge

Tune diagram with space charge

| | | I
) 18.8 |- -
_____ -t s &
v 2 186 | -
-
flongitudinal =~ 1.5 kHz :
(T = 600 us) <
~ = 18.4 -
ftransverse =5 MHz g
(T=0.2 us) >
18.2 |- -
Resonance crossing due to space
charge: very different from the usual I | | |

(set tunes) and still an unsolved 18 182 184 186 18.8 19
ISsue. Horizontal Tune Q,
E=I
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Space Charge

Image Charges:
often confused as another “space charge”

image charges

Vacuum pipe

affects the beam as a whole, shifts Q. ,
does not shift Q..

Very different from space charge:
 coherent

 beam-external
Actually, is an impedance

== 1
39
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Compare the incoherent (space-charge) tune shift and
the coherent (due to impedance) tune shift

A()T‘p 1 Q()R Ao'f'p ’LZJ‘

AQsc — AQco —
7Q0 7/8 4€mn . 7QO ZO/R

* both depend linearly on the intensity
* decrease at the ramp as 1/y

 space-charge: additional 1/yB

€, - Normalized Special impedance: image charges

rms emittance
r,=q°/(4ne,me?) L . Zo R€ geom
Z,=1/(gyC) ZIC p— (/
18272 h2
» decreases faster than space-charge: 1/y*p?

* related to space-charge: induced fields in the pipe
* should not be confused with space-charge

IE== 1L
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Beam Transfer Function
(BTF)

[
==
41
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N 7 y /A=
- Beam Transter Funcu‘or;/ =
.\ ' ) ,

an excitation: beam forced response:
7 N —1 —i1Qt+A
x —|—wgiw:Ge ufat () = A e "H+AP

<w(t)>

| Ki R(Q) - 0 Ge pickup |

icker
' beam -
A
2 _ network analyser |-
es’ﬁg":g}g response
Q, @inpin Q, pout AU

K BTF: amplitude(Q2), phase(£2)
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Beam Transfer Function
RS RDTEETY £\ /PR 7 S, e i e

BTF is: e Useful diagnostics; the tune, 6p, chromaticity, beam distribution
* A fundamental function in the beam dynamics
* Necessary to describe the beam signals and Landau damping

f(w)dw

Ry(2) =
w —
14 | | | | | | | O 1 "'7-... | | | | |
12 L amplitude 05 - ~, phase i
S S Ay
gt T - :
2 2 5
s 08F 1 5 15F y -
2 i | @ i \ i
S 0.6 E -2 )
= = '\
% 04 | . % 25 | ‘\. -
D o2t 4 ® 3t e ]
0 _35 | | | | | | |
4 3 2 1 0 1 2 3 4 4 3 2 1 0 1 2 3 4
AQ 7 5Q; AQ/3Q;
J.Borer, et al, PAC1979
AQ=(Q-(m+Qy)f,)/f, D.Boussard, CAS 1993, CERN 95-06, p.749
6QE= | mr]-I_-(anr]—Qoﬁ) |6p/p A.Chao, Phys. Coll. Beam Instab. in High Energy Acc. 1993
Handbook of Acc. Physics and Eng. 2013, 7.4.17 ¢

I
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- Beam Transfer Fungp‘o

. /~,

BTF: a standard measurement
with a network analyser

* Collective response to : amplitude |
the excitation T I

* Observe the incoherent
spectrum

e Still, the beam is stable:
Landau Damping!

amplitude, phase

\ ]
! T

24.88

2490 2492 2494
frequency, MHz

24.86

V.Kornilov, et al, GSI-Acc-Note-2006-12-001, GSI Darmstadt (2006)
I=5= i
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amplitude, phase

| I
24.86

BTF provides a direct measure of Landau Damping

Measured BTF in SIS18

AQ.nR(2) =1

4 L

\
*‘I"*M'

R(12)

I R
24.88

24.90
frequency, MHz

24.94

-0.10

bi-Lorentz
Parabolic
Gaussian

0.00

0.10

0.20
V, a.u.

0.30

V. Kornilov, CAS, 2-15 June 2018, Tuusula, Finland

V.Kornilov, et al, GSI-Acc-Note-2006-12-001, GSI Darmstadt (2006)

Resulting Stability Diagram

2T
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- Beam Transfer Functio

Gaussian Distribution

| T NI ST R |

0.2 04 06 038
Vv

0.0

- \ BTF! with Z* 1

4 resulting BTF: N
1 1
o = s — ZH(Q)
R(£) Ry (€2
| R@ "~ Ro(®) )

BTF with space charge is more tricky, but
1/R(Q) behaves like a shift due to Im(Z+)

R(Q)

1

R, (2)

“intrinsic” BTF?

J.Borer, et al, PAC1979

D.Boussard, CAS 1993, CERN 95-06, p.749

A.Chao, Phys. Coll. Beam Instab. in High Energy Acc. 1993
Handbook of Acc. Physics and Eng. 2013, 7.4.17 ¢
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- Beam ™ sfér Functio

Measurements of the transverse BTF in the
Fermilab Main Ring

$tability clagrambeFESf ¢ 74 )

100 [ e LA B S BN B L B
| o Zr[M ohm/m]l
- MR vert. impedance
50 I 350 LI L] LI LR LILELL LI L LI
Q I C i
§ C ’
300
o o E X } .
o - I 1{ :
] < - T .
g : é, 250: 1t .
5 50 N - N
4 : 200 —H—H—++ -
i T R R [P : N
-]()0 150 i d il T T T T |
0 10 20 3D 40 50
raal [1 E3 ahm/m~2] 50 100 150 fre%([)l?Hz] 250300 350
Stability diagram (1/BTF) is
shifted by a real impedance P.Chou, G.Jackson, Proc. PAC1995, p. 3088
]
I I
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Measurements of the transverse BTF
in the SIS18, GSI

S.0F " schottky ' ' AT
E ABTF :
- < Estmated @ QL .

Stability diagram (1/BTF) is
shifted by space charge S.Paret, et al, PRSTAB 13, 022802 (2010)

o
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Part 2 tomorrow:

* Shottky signals with collective effects
* Head-Tail modes

* Decoherence

* [nstabilities

V. Kornilov, CAS, 2-15 June 2018, Tuusula, Finland




