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

slow wave Qs = (n — Qp)wo A

fast wave Qr = (n+ Qp)wo N =m-es#Toa--mm""T

With a driving impedance, a mode Qang = (1 — Q'B)wo
has a complex shift: n

Q=Q. +xImZ* +ik ReZ+

With a damping mechanism,

=Q, + i7damping “Ydamping <0
== 1L
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3 Passive Mitigati Qp‘

AS) = ASZRe T i7drive T i’Ydamping

change the parameters and use and enhance the

the source of the intrinsic damping
driving mechanism mechanism

Narive + Ydamping > 0 Instability N
Ydrive + Ydamping < O Stabilized mode
Yarive > 0 Driven (unsuppressed) mode
- Yarive < 0 Mode suppressed by its drive )

®
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Adjusting the components of the instability
* tunesQ,, Q,, tune split

* chromaticities, coupling
* synchrotron tune Q,

Beam parameters:
 beam sizes, emittance, momentum spread

The driving sources
* Impedances

Every instability (eigenmode), if well understood, has a lot of

adjustable parameters
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Examples yg..,.—mitigation

Predictions for LHC injection energy

Single-bunch Y-plane Coupled-bunch

Instability growth -rate [s7] Instability growth —rate [s™]
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Elias Métral, RLC meeting. 21/04/06
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Long-range Beam-Beam compensatiop in LHC
(T.Pieloni, this CAS)
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gati

reduce the the source of the

driving mechanism:
the impedance

SPS impedance reduction 2001
(E.Shaposhnikova, this CAS)

year Im Z, Im Z,
M({2m M({2/m

2000 —-09+ 1.8 26 £ 3

2001 | —0.35+£0.53 | 18.4+£0.5
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In any accelerator, there are many Re(Z) sources

In any beam, there are many unsuppressed eigenmodes
Aorp Re(Z+)
YQo Zo/R

the driving dipole
impedance here

Im(AQcoh) —

Still, the beams are often stable without an active mitigation

There must be a fundamental damping mechanism in beams
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Additionally to Re(Z), deliberate excitation is often applied
(tune measurements, optics controll, ...)

Energy is directly transferred to the beam,
mostly at the beam resonant frequencies

2 7 ‘ S TR SR T3 T
v Ay el e s R A Ui,

Tune measurements at PS,
kick every 10 ms.

The beams are stable and absorb some energy

There must be a fundamental damping mechanism in beams

®
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Plasma is a quasi-neutral gas of
unbound ions and electrons.

%L‘ _ Waves in plasma: collective
| B | propagating oscillations of
| ﬂ"r particles and E-M fields

. H\\\\e

*\g\ ! N Some waves can be damped.

Plasma in the JET tokamak Friction” in plasma is collisions.
In plasma, a collisionless damping
has been discovered by L.Landau,

1946: Landau damping.

*
; ; I
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| Plasma Wave
A basic plasma

oscillation:
Langmuir wave

¢

Wave number k=2r/A

The phase velocity

v, = w/k

ph \ the wave v,,=w/k /
There are resonant The dispersion relation
particles v,=v,, "

wz Bfo/avm
The plasma frequency —= dv, =1
2 £Ir

, M€’ k Vyp — w/k
W =

P meeg has a singularity .
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- Landau Damping In Plasma
| |

The wave frequency is complex
W= W, + tw;

The dispersion relation can be solved,
the integral is calculated as PV + residue

2
0 fo/0V,

—pPV/ fo/Ove o | ix0F0 —1
k2 vy, — w/k 0v, —

wf = wi + Skafh

2
v — | Twy Wy 0 fo
2 k2 0v, -
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- Landau Damping In Plasma
A RTWEY 2\ Iy - ) i AR

plasma
/ faster slower faster slower \
particles particles particles particles
resonant give energy gain energy give energy gain energy
particle particles:
distribution slower faster
folvy)

the wave v —w/k
0 v,,=w/k \ o /

negative f,(v,) slope: N_ >N, —> the wave decays, damping
positive f,(v,) slope: N_.. . <N_ . —> the wave grows, instability

gain give

Vladimir Kornilov, The CERN Accelerator School, Geneva, Nov 2-11, 2015 14




,’ J -
[N
L
®
.

~ Landau Damping In I{!@‘S a

over

electric
field slower

resonant particles 0 fo

10 3"7:\"\ ENERGY —
faster ov

resonant particles

Main ingredients of Landau damping:
e wave-particle collisionless interaction. Here this is the electric field.

e energy transfer: the wave € the (few) resonant particles.

The result is the exponential decay of a small perturbation.

Landau damping is a fundamental mechanism in plasma physics.

Extensively studied in experiment, simulations and theory.
EEi
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Stable System Unstable System

 hed M

EL LED

Damping small perturbation small perturbation

Mechanism to suppress
the perturbation

Mechanism to reinforce
the perturbation

(DAMPING) (INSTABILITY)
perturbation decays
OF =Y damping > Ydrive Or Yyrive = ~Ydamping .
I=== 1
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Landau Damping in Beams

K.Y.Ng, Physics of Intensity Dependent Beam Instabilities, 2006
A.Hofmann, Proc. CAS 2003, CERN-2006-002
A.Chao, Phys. Coll. Beam Instab. in High Energy Acc. 1993
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- Beam Transfer Func’gor;/ =
_
an excitation beam forced requnse:
x" + wﬂza: — Ge ¥ (x) = A e WHTAP

((t))

/ ) R(Q) = 2w ﬂOGe—zm piCKup\

icker

' beam -
A
g _ network analyser |-
es’ggﬁg}g response
Q, pinAm Q, out A%

K BTF: amplitude((2), phase((2)
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Beam Transfer Function
NS A AR Y, . e se .

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

R(Q) = PV / fuf"’_)i;" +inf(Q)

1.4 I I I I I I I 0 T I I I I I

.,
. 12t amplitude - . -05f “‘,. phase -
S S Y
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0 _35 | | | | | | |
4 3 2 1 0 1 2 3 4 4 3 2 1 0 1 2 3 4
AQ/5Q; AQ/5Q;
J.Borer, et al, PAC1979
AQ=(Q-(m=*Qy)f,)/f, D.Boussard, CAS 1993, CERN 95-06, p.749
6Q2= | mni(qun_QoE) | 6p/p 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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R\ Pulse Response =

]
0.8 |
g'i - %0 8 particles with
o 02+ different frequencies
bd
S~ 0
* .02} -
0.4
-06 |- Betatron oscillations:
'Oj? i . frequency spread
0 5 10 15 20
ot ow = QOSwO(Sp
o (=)
g(t) =
Lo

g(t) = /f(w)cos(wt)dw

g(t) = Fourier_l{R(w)} = %/R(w)e‘iwtdw

BTF is the Fourier image of the pulse response .
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: Decoherence
Gaussian Distribution Lorentz Distribution
1 | | | | ] 1 | | | | ]
X 05 1 X 05 i
(@) @]
= =
o 05 | 1 & o5} _
Q,=10.3, §&=1, §,=0.5x1073 Q,=10.3, §=1, §,=0.5x10"3
-1 I I I I Bl -1 I I I I Bl
0 2 4 6 8 10 0 2 4 6 8 10
Turn Number Turn Number
]- 2 25 2 1 1
flwg) = e~ p/20¢ W =
V2mdw? fws) T dw 1+ wj/dw?
g(t) = e /2 cos(wpgt) g(t) = e % tcos(wgt)

This is the case without any collective interactions:

phase-mixing of non-correlated particles
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small initial perturbation {x)

v 2

-
N
-
S

\ \ AR W/ !
~ Oscillation with’outsda\;rﬂp' g

produces

>

excitation force

G x Zéj;tI() (:I:)

reinforcing
mechanism

forced
oscillations
(eigenmode)

h 4

the perturbation
is amplified
x) x (1+4)

The result is AQ_,, and the exponential growth: instability

(z)(t) = zoe™
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" Coherer \C{SCIHQ s/ & —

(Fy) B . 7 ()

m-y m
the no-damping complex coherent tune shift is
INTENSITY x IMPEDANCE
. only the dipole
impedance here,

IO qlon
AQ — 17+
coh ext i
4“ AYmCQOwO no incoherent effects

thus, the external drive is

G = 2w,30wOAQcoh <CU>

=== I
23
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An easy derivation of the dispersion relation

the external drive is IMPEDANCE TUNE SHIFT x PERTURBATION

G = 2wgowoAQcon <ZB>

the beam response is the BTF

(@) = — S R(u)

2(.0,300'w

combined: the DISPERSION RELATION

AQ.onR(2) =1

provides the resulting Q for the given impedance and beam
EEi
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> Stability Diagram =~
e I— — )

the resulting Q for the given impedance and beam

AQCOhR(Q) =1 4 UNSTABLE -
f(w)dw g 2 :
AQ . ohw =1 =
Qeonto w — () Q O~  sTABLE -
T |
o -2j n

Gaussian
Circle Criterion ]

Re(Z)>0: the slow wave
ws = (n— Qo)wo 0.0 0.2 Oifn(A(C)).)ES/ agf 1.0 1.2
5Qc = |n(n — Qo) + Qo€|5, AQ|

Qe

*
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_ Driven Harmonic Oscill

— /

The solution

Off-resonance (Q#w,) and
at resonance (Q=w,),
different particular
solutions.

Zero initial conditions.

homogeneous solution
(pulse response) +
initial conditions

ator

x” + w?m — Ge ¥

particular solution
(forced oscillations)

2G i — i+ Q
rag(t) = sin| 2 t | sin( 2 + t
2 2

wf—Qz

A

G .
—— t sin(Q2t)
20

za(t)
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- Driven Harmonic Gquatbr
S N R A Y R

off-resonant beating . (¢) = 2G Sin(w’: _ Qt) Sin(wi + Qt)
solution w? — 2 2 2
resonant solution ra(t) = 22 t sin(Q2t)
100 Aw; /IQ 0.03 | | 1
Aoo/Q 0.01 ‘
o0
Ll 1,',',»m,m\,wvwwﬂ‘“
S
-100 - gain energy give energy . “‘
0 50 100 150 200

ot
wave€>particle energy transfer takes place
EEi
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Landau Damping

y

Momentum spread translates into tune spread

5Qc = |n(n — Qo) + Qoé|d,
)

0.8
5 . 06
i 2
04
0.2
0
B - - 1 2 3
10 Ap/p, AQ/5Q; f
resonant particles from both sides
f(w)dw ,
AQconwo —1 contribute to the energy transfer,
CO p—
w — thus flw)

.
— . I
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Loss of Landau damping due to reactive tune shift

impedance tune shift

Particle Distribution

UNSTABLE

Im(AQ) / 6Q§

there is still tune spread,

00 02 04 06 08 10 1.2

but no resonant particles = no Landau damping
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Landau Damplng,
_

Loss of Landau damping due to space-charge

impedance tune shift

1k P 4 T T T T
S osl il 2 no space charge-
3 g
F 06 4 = 0 i
p €]
S o4l {41 2 2 i
5 o)
o o 4 |
0.2 - AQSC =2 6@&
-6 -
O | | | | | | | | |
6 5 4 s =2 4 0 1 2 0O 02 04 06 08 1

there is still tune spread,

but no resonant particles = no Landau damping
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suppression

decoherence
dwﬁ <X>

eigenmode bea(n;}offset

PERTURBATION

suppression

G

energy transfer to

the wave driving field .
resonant particles

G X Zél;{t_lb(w}

Main ingredients of Landau damping:

v wave-particle collisionless interaction: Impedance driving field
v’ energy transfer: the wave € the (few) resonant particles

®
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Landau Damping in Beams
of 2"d type
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Different situation:
Tune spread due to amplitude-dependent tune shifts

For example, an octupole magnet:

g g
B, = E(_y3 + 3m2y)a By — E(m?’ - 3my2) 3
Produces amplitude-dependent betatron tune shifts:
K532 K300
oct __ x . i~y
At = (f o =ds) . — / o tds)J,
x(s) = \/2Jwﬂw(s) cos(dz) 00 |

50 |

-50 -

The resonant particles drift away in tune

-100 |

from the resonance as they get excited

oo o
Bsas “H

,,,,,,, " WMMWM“‘“W
AT
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AQ,

Once the particle is driven away from the resonance,

the energy is transferred back to the wave \/j’;
=100

We already guess: the distribution slope (df/da) might be involved

0.06

0.04
0.02 -

0k
-0.02 -

-0.04

] ] | ] ] ]
0051152253354
a, /ag

a, /ag

0 051152 25 3 35 4

100 -

50

< 0

'"UHIIH

il wummlmmllml

’n
Jw"“”’

0

50

100
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- Landau Dampmg of 2Q$‘ty e

The dispersion relation

1 o
AQcoh/ J —fdJ dJ

AQex Q/WO Ja:

AQ_, : coherent no-damping tune shift imposed by an impedance
AQ,,(J,J,) : external (lattice) incoherent tune shifts

L.Laslett, V.Neil, A.Sessler, 1965
D.Mo6hl, H.Schonauer, 1974
J.Berg, F.Ruggiero, CERN SL-96-71 AP 1996

The resulting damping is a complicated 2D convolution of the

distribution {df(J ,J )/dJ } and tune shifts AQ,,.(J,,J,)
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suppression

decoherence
éwﬁ <X>

eigenmode bea(rg}offset

PERTURBATION

suppression

G

energy transfer to
resonant particles

) f/ame

the wave driving field
G x Zél;{tI()(w}

w:Qcoh

Main ingredients of Landau damping:

v wave-particle collisionless interaction: Impedance driving field
v’ energy transfer: the wave € the (few) resonant particles

®
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Landau Damping of 2"¢ fype

Im Qcoh 1
o AQcon an octupole tune footprint
(coh — T 0,04 | | | _
o.ozf 7
o o.oof ]
_____________________ < L
_____ -0.02} 1
| | -0.04| | | ‘ | 7
Re (q('()h) -0.04 -0.02 A8.00 0.02 0.04
III'I (Q('()‘h) X
oo 1 pdel , .
S is the full horizontal tune spread
T o This has been used for the design of the
g =005 octupole magnets scheme at LHC.

Re ((J('oh )

J.Gareyte, J.Koutchuk, F.Ruggiero, LHC
Report 91 (1997)

®
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Landau Damping in Beams
of 3" type

Vladimir Kornilov, The CERN Accelerator School, Geneva, Nov 2-11, 2015
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Different situation:
Wave-Particel interaction is due to space-charge

— Space-charge tune shift

2

Electric field i5
of the self-field

space charge

AQg. / AQyy

0.5

For the resonant particles Q,, .=Q_.,,,
wave€>particles energy transfer should be possible
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- Landau Damping of 3{'E$}lty e

AC>2coh — AC?sc a.f

Ty ddzddydp = 1
AQex + AQsc — /wo ~ OJ,

V)

AQ, : no-damping coherent tune shift imposed
AQ,,(J,J,,p) : external (lattice) incoherent tune shift
AQ (J,J,) = space-charge tune shift

L.Laslett, V.Neil, A.Sessler, 1965
D.Mohl, H.Schonauer, 1974

The resulting damping is a complicated 2D convolution of the

distribution {df(J,,J,)/dJ,} and tune shifts AQ, (J,,J,), AQ,,:(/,,,)

®
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- Landau Damplhg o-f 3.\\,tty e

..'--‘I

The dispersion relation
AC>2coh _ AC?sc a.f

Ty ddzddydp = 1
AQex + AQsc — /wo ~ OJ,

AQ,_,=0: no pole, no damping!

Momentum conservation in a closed system

Even if Q_,,, is inside the spectrum,

and there are resonant particles Q, =Q_.,,

there is no Landau damping in coasting beams only due to space-charge

L.Laslett, V.Neil, A.Sessler, 1965

D.Mohl, H.Schonauer, 1974

V.Kornilov, O.Boine-F, .Hofmann, PRSTAB 11, 014201 (2008)
A.Burov, V.Lebedev, PRSTAB 12, 03420% (2009)
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- Landau Dampin

of 3 type

A co _A scC a
Cooh — Qe —fdedJydpzl

AQex + AQsc _ Q/WO wa']m

Solution examples

-0.2
- Im( AQ ) | | | | |
[ -0.4 |
0.00006 ¢ chromaticity with
[ -0.6 nonlinear space charge =
0.00005 |
0.00004 | 08 )
[ a>0 N R
a>0+8C a<0+SC 0_00003/:,\ e -1 "
\/ /< 0.0000/5— 10 chromaticity only
\ [ a< 0
//\\ \ 0'007& / 1.4 7
. L . . . . /'I' : . RC(AQ 16 1 1 1 1 I
~0.0012 -0.001 —0.0008 —0.0006 —0.0004 —0.0002  F 0.0002 0 0.005 0.01 0.015 0.02 0.025
V
E.Metral, F.Ruggiero, CERN-AB-2004-025 (2004) V.Kornilov, O.Boine-F, I.Hofmann, PRSTAB 11, 014201 (2008)

.
I
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suppression

decoherence
éwﬁ <X>

eigenmode bea(rg}offset

PERTURBATION

suppression
energy transfer to

resonant particles
af/aJy

the wave over space charge

w=~0 coh

Main ingredients of Landau damping:
v wave-particle collisionless interaction: E-field of Space-charge
v’ energy transfer: the wave € the (few) resonant particles

®
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- Landau Damplhg o-f 3.\\,tty er

If simplified, very similar to Landau damping in plasma:

over

electric
field slower

resonant partlcles Bf/BJ ‘

Lial A\ ENERGY

w=coh

faster
resonant particles

Main ingredients of Landau damping:
v wave-particle collisionless interaction:
the electric field of space-charge
v’ energy transfer: the wave € the (few) resonant particles

in addition, the decoherence, other AQ Jy,p), the mix with G

®
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Landau Damping of 3" type

= 0.5
. s 0
Landau damping in bunches &
= 05 ,q=1.5 .
, Q=4
* Thereis damping due to only A L
0 1000 2000 3000 4000 5000 6000 7000
space charge time (tumns)
e Space-charge tune spread due 1 . . l .
. . . .".
to longitudinal bunch profile 0osf ¢ |
% L
e o6 ", k=2 .
] " 0
E 04 -
A.Burov, PRSTAB 12, 044202 (2009)

V.Balbekov, PRSTAB 12, 124402 (2009)
V.Kornilov, O.Boine-F, PRSTAB 13, 114201 (2010)
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suppression

decoherence
5(.0’3 <X>

eigenmode bea(r;}offset

PERTURBATION

suppression

energy transfer to

resonant particles G

the wave driving field
G x Zel}(tI()(.’E)

Main ingredients of Landau damping:

v wave-particle collisionless interaction: Impedance driving field
v’ energy transfer: the wave € the (few) resonant particles

Note: the linear Landau damping for infinitesimal amplitudes
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Longitud}_inaI»Sta bility

. x Im(Z))
Coasting Beam: | ” i
Spread in the revolution frequency Lo i
Z (2 Gf Wo Bwo 7 j
AT, 1(€2)) / (wo)/ doy — 1 e
_1-0 T | | T
-1.5 —0.5 0.5 1.5
} Z } < 062782 Ean(Ap/p)*
Bunches beams: " elo
f( w )dw K.Y.Ng, Physics of Intensity Dependent Beam Instabilities, 2006
choh s S — 1 A.Hofmann, Proc. CAS 2003, CERN-2006-002
S Q” — Wy E.Keil, W.Schnell, CERN ISR-TH-RF/69-48 (1969)
I=5= i
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