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Beam instabilities

 Beams tend to self-destruct via self-amplified oscillations
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Beam instabilities

 Beams tend to self-destruct via self-amplified oscillations
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Beam instabilities

 Beams tend to self-destruct via self-amplified oscillations
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— Landau damping is (almost) always needed to obtain
good quality beams
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* Part | (concept)
- Wave — particle interaction
- Decoherence
- Landau damping using Van Kampen approach
- Stability diagram and beam transfer function
 Part Il (applications)

- Longitudinal and transverse Landau damping in unbunched and
bunched beams

— Non-linear collective forces
- Advanced Landau damping techniques
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Single particle motion # collective motion

Sound Propagation

Movement of Alr Molecules —b
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Interaction of particle with the collective force
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Interaction of particle with the collective force

* Surfers catch the wave when they have a similar velocity
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Interaction of particle with the collective force

* Surfers catch the wave when they have a similar velocity

* Particles can exchange energy with a wave when they have a similar
velocity
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- - = [WikiLandau,
Damping of collective motion WikiTsvoStream]

Particle velocity A Gain energy from the wave

distribution Lose energy to the wave

slower particles
faster particles

* The wave is damped when it loses
more energy than it gains from
particles -~ Landau damping
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- - = [WikiLandau,
Damping of collective motion WikiTsvoStream]

Particle velocity A Gain energy from the wave

distribution Lose energy to the wave

slower particles
faster particles

* The wave is damped when it loses
more energy than it gains from
particles -~ Landau damping
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Damping of collective motion

[WikiLandau,
WikiTwoStream]

Particle velocity A

Gain energy from the wave

distribution Lose energy to the wave
slower particles
faster particles
! * The wave is damped when it loses
: more energy than it gains from
! particles — Landau damping
'- -
0 1
Wave velocity f(v) 4
el
* The wave is amplified when the wave By it
lose more energy than it gains from / X VEV,
particles - Landau anti-damping Y 1
/ .."‘-L r'-r.-- - iy
— - Hh' -_:-""..-. 3 h""\—\_ =
o v
 Landau damping is collisionless process ! v
ph

The interaction between the particles and the wave occures only via the collective

force (e.g. electromagnetic fields)
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Damping of collective motion

A little subtlety for accelerators [ Distribution]

 Landau damping prevents instabilities to happens
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Damping of collective motion

A little subtlety for accelerators [ Distribution]

 Landau damping prevents instabilities to happens

‘If a small perturbation occurs, it is immediately damped preventing its
self-amplification’ - No energy exchange
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Damping of collective motion

A little subtlety for accelerators [ Distribution]

 Landau damping prevents instabilities to happens

‘If a small perturbation occurs, it is immediately damped preventing its
self-amplification’ - No energy exchange

ﬁNhen an external force drives the collective motion, the energy inp@
absorbed by the particles via Landau damping
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Damping of collective motion

A little subtlety for accelerators [ Distribution]

 Landau damping prevents instabilities to happens

‘If a small perturbation occurs, it is immediately damped preventing its
self-amplification’ - No energy exchange

ﬁNhen an external force drives the collective motion, the energy inpm
absorbed by the particles via Landau damping

-800 -400 0 400 800
toroidal velocity (km/s)
* |In accelerators we refer to this effect as decoherence or filamentation

— The main difference with Landau damping is the corresponding
\emittance growth /
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[WikiLevILandau,

Landau damping In practice o R

QGP, Firefly]

L.D. Landau, On the vibrations of the electronic
plasma, J. Phys. USSR 10 (1946) 26.
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[WikiLevLandau,

Landau damping In practice o R

QGP, Firefly]
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L.D. Landau, On the vibrations of the electronic
plasma, J. Phys. USSR 10 (1946) 26.
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[Sextupole,

Decoherence in beams Octupole]

* The velocity spread is usually small in particle beams - an analogous effect
occurs thanks to the tune spread
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[Sextupole,

Decoherence in beams Octupole]

* The velocity spread is usually small in particle beams - an analogous effect
occurs thanks to the tune spread
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[Sextupole,

Decoherence in beams Octupole]

* The velocity spread is usually small in particle beams - an analogous effect
occurs thanks to the tune spread
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Decoherence

Momentum
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Decoherence

* Linear
x non-linear
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Decoherence

- * Linear
>3
! .
5 x non-linear
-
O
=
et alaTakalakakalakaakaiakaleXakaslakakakskakakakakakaks
X Position
)‘)O
»
b )
s
5
s
e
Xa

15.11.2022 CERN Accelerator School



Decoherence
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Decoherence
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Decoherence
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Decoherence

* Linear
x non-linear
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Perturbation without decoherence
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Perturbation without decoherence

Turn 9000
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Perturbation without decoherence

Turn 9000

Momentum

Position

[ * Without tune spread, the initial perturbation remains as an oscillation ]
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Decoherence
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Decoherence

50 turns
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Decoherence

1000 turns
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Decoherence

10000 turns
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Decoherence

Turn O Turn 10000

Momentum
Momentum

: ;-'I Position Position

* Due to the tune spread, the initial perturbation is damped at the
expense of a change of distribution — emittance growth
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Decoherence
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* Due to the tune spread, the initial perturbation is damped at the
expense of a change of distribution — emittance growth
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Decoherence

Turn 0 Turn 10000

Momentum
Momentum

Position

* Due to the tune spread, the initial perturbation is damped at the
expense of a change of distribution — emittance growth

15.11.2022 CERN Accelerator School



Liouville theorem for Hamiltonian systems
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Liouville theorem for Hamiltonian systems
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Liouville theorem for Hamiltonian systems
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Liouville theorem for Hamiltonian systems

A
M*mentum

Position

o:?
* Even with distorted trajectories,the av — 0
phase-space density is preserved: dt o
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Liouville theorem: A simple illustration

Focusing quad.

Y
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Liouville theorem: A simple illustration

Momentum

Focusing quad.
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Position f Position

* The conservation of the emittance is a consequence of Liouville theorem
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Momentum

Focusing quad.
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Position f Position

* The conservation of the emittance is a consequence of Liouville theorem

— Liouville is more general: The phase-space density is conserved even in
the presence of non-linear forces, provided that the system can be
described with Hamilton’s equation
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Liouville theorem: A simple illustration

Momentum

Focusing quad.

— e —

Position f Position

* The conservation of the emittance is a consequence of Liouville theorem

— Liouville is more general: The phase-space density is conserved even in
the presence of non-linear forces, provided that the system can be
described with Hamilton’s equation

— Non-conservative forces such as intrabeam scattering or the emission
of synchrotron radiation cannot be described with Hamilton’s equation:
Liouville theorem does not apply
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Vlasov equation for particle beams

* Vlasov equation can be derived from Liouville theorem. It is a special case for
plasmas (i.e. charged particles interacting ‘long-range’ via electromagnetic
fields)

15.11.2022 CERN Accelerator School



Vlasov equation for particle beams

* Vlasov equation can be derived from Liouville theorem. It is a special case for
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— Very similar to particle beams! We can write:
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Vlasov equation for particle beams

* Vlasov equation can be derived from Liouville theorem. It is a special case for
plasmas (i.e. charged particles interacting ‘long-range’ via electromagnetic fields)

— Very similar to particle beams! We can write:

aWw
np—
dt
oV
—+ |V, H| =0
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Vlasov equation for particle beams

* Vlasov equation can be derived from Liouville theorem. It is a special case for
plasmas (i.e. charged particles interacting ‘long-range’ via electromagnetic fields)

— Very similar to particle beams! We can write:
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E =0 Hamiltonian
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Vlasov equation for particle beams

* Vlasov equation can be derived from Liouville theorem. It is a special case for
plasmas (i.e. charged particles interacting ‘long-range’ via electromagnetic fields)

— Very similar to particle beams! We can write:

dW

E =0 Hamiltonian
ow
~— 4+ [¥,H] =0

ot

=0

Z OH oV O0H oV¥
Op; Oq;  Oq; Op;
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Vlasov equation for particle beams

* Vlasov equation can be derived from Liouville theorem. It is a special case for
plasmas (i.e. charged particles interacting ‘long-range’ via electromagnetic fields)

— Very similar to particle beams! We can write:

dW

E =0 Hamiltonian
ow
— 4+ |V, H| =0
5 TV H] =

=0

OH oV  OH oV
Z Op; Oq;  Oq; Op;

Degree of freedom
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Vlasov equation for particle beams

* Vlasov equation can be derived from Liouville theorem. It is a special case for
plasmas (i.e. charged particles interacting ‘long-range’ via electromagnetic fields)

— Very similar to particle beams! We can write:

dW

E =0 Hamiltonian
ow
— 4+ |V, H| =0
5 TV H] =

OH oV  OH oV
Z Op; Oq;  Oq; Op;

Degree of freedom

=0

Conjugate coordinate (e.g. p )
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Vlasov equation for particle beams

* Vlasov equation can be derived from Liouville theorem. It is a special case for
plasmas (i.e. charged particles interacting ‘long-range’ via electromagnetic fields)

— Very similar to particle beams! We can write:

dW

E =0 Hamiltonian
ow
— 4+ |V, H| =0
5 TV H] =

Z OH oV O0H oV¥
Op; Oq;  Oq; Op;

/‘ Coordinate (e.g. x)
Conjugate coordinate (e.g. p )

=0

Degree of freedom
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Vlasov equation for particle beams

[Ruggiero]

* Let's consider a single degree of freedom and use action angle variables:

r = +/2Jcos(6)
Do V'2J sin(0)
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[Ruggiero]

* Let's consider a single degree of freedom and use action angle variables:

r = +2Jcos(0) oV 0Ho0V 0OHgy oV 0
pe = V2Jsin(0) ot~ oJ 00 00 0

Linear detuning coefficient

Hy = wq (QOJ + gJQ)
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Vlasov equation for particle beams

[Ruggiero]

* Let's consider a single degree of freedom and use action angle variables:

r = +2Jcos(0) oV 0Ho0V 0OHgy oV 0
pe = V2Jsin(0) ot~ oJ 00 00 0

Linear detuning coefficient

Hy = wq (QOJ + gJQ)

/4

Revolution
frequency
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* Let's consider a single degree of freedom and use action angle variables:

r = +2Jcos(0) oV 0Ho0V 0OHgy oV 0
pe = V2Jsin(0) ot~ oJ 00 00 0

Linear detuning coefficient

a
Ho = wo (QoJ + 5.J%)
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frequency
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Vlasov equation for particle beams

[Ruggiero]

* Let's consider a single degree of freedom and use action angle variables:

r = +2Jcos(0) oV O0Ho 0V (OHp\OV
Pa V2J sin(0) ot oJ 08 \06/0J
=0

=0

Linear detuning coefficient

a
Ho = wo (QoJ + 5.J%)
Jo
Revolution  Type
frequency
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Vlasov equation for particle beams

[Ruggiero]

* Let's consider a single degree of freedom and use action angle variables:

r = +2Jcos(0) oV O0Ho 0V (OHp\OV
Pa V2J sin(0) ot oJ 08 \06/0J
=0

=0

Linear detuning coefficient

a _— . . .
H. ] 2
0 = Wo (QO + —J ) — Hamiltonian of a harmonic oscillator with

/ k 2 a ‘simple’ non-linear force
Revolution  Type
frequency
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Vlasov equation for particle beams

[Ruggiero]

* Let's consider a single degree of freedom and use action angle variables:
OV _(OHNOY _
06 00/ 0J

=0

nian of a harmonic oscillator with
non-linear force

r = +2Jcos(H) ow
Pz

V2J sin(6) ot

Linear detuning coefficient

_ & 72 . Hamiltg
Ho _/wo (Cioj T QJ ) a‘si?nrgll

Revolution  ype OH 0
frequency - -
0J

= wo (Qo +aJ) = w(J)
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Vlasov equation for particle beams

[Ruggiero]

* Let's consider a single degree of freedom and use action angle variables:

r = +/2Jcos(f) ow OV (OH)\OW¥ 0
Pe = V2Jsin(0) ot 00 00/0J
=0

Linear detuning coefficient

_ & 72 . Hamiltg
Ho _/wo (Cioj T QJ ) a‘si?nrgll

nian of a harmonic oscillator with
non-linear force

Revolution  ype OH.

frequency 8—JO — Wy (QO —+ CLJ) — (U(J)
ow ow

o Vg =0

15.11.2022 CERN Accelerator School



Vlasov equation for particle beams

[Ruggiero]

* Let's consider a single degree of freedom and use action angle variables:
OV _(OHNOY _
06 00/ 0J

=0

nian of a harmonic oscillator with
non-linear force

r = +/2Jcos(f) ov
Da v 2J sin(0) ot

Linear detuning coefficient

_ & 72 . Hamiltg
Ho _/wo (Cio‘] T QJ ) a‘si?nrgll

Revolution  ype OH
frequency —O — Wy (QO —+ CLJ) — (U(J)
0J
Example of solution: Exponential
OV oW distribution in action (Gaussian in x, p,) :
— —w(J)=— =0
ot 00 R
0— 5__€ °
2TE€
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Perturbation theory with an external force

[Ruggiero]

* Let's consider a first order perturbation of the distribution: U = \Ifo + \Ifl
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* Let's consider a first order perturbation of the distribution: U = \Ifo + \Ifl

* And a first order perturbation of the
Hamiltonian by an external force:
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Perturbation theory with an external force

[Ruggiero]
* Let's consider a first order perturbation of the distribution: U = \Ifo + \Ifl

* And a first order perturbation of the

Hamiltonian by an external force: H = HO + H;y
oV, oV, 0H; 0Yy 2 12
Fw(J)—= — - O(H, Vi, HiVy) =0
o ") T g gy T OUL YL T
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Perturbation theory with an external force

[Ruggiero]
* Let's consider a first order perturbation of the distribution: U = \Ifo + \Ifl

* And a first order perturbation of the
Hamiltonian by an external force: H = HO + H;y

| OU,  OH, 0T, QX -
o TeWU5g ~ g a7 T O PNHT) =0
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Perturbation theory with an external force ..

* Let's consider a first order perturbation of the distribution: U = \Ifo + \Ifl

* And a first order perturbation of the

Hamiltonian by an external force: H = HO + H;y
oV oV, 0H; 0¥y 0 x
Fw(J)— — - O(H?, OR H,U,) =0
o "YU ag ~ g oy TOU 1)
 Let's consider an external force:

APy

Fea: — T,

Tt
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Perturbation theory with an external force ..

* Let's consider a first order perturbation of the distribution: U = \Ifo + \Ifl

* And a first order perturbation of the

Hamiltonian by an external force: H = Hy+ H;
8\111 8\111 8H1 (9\110 9 x
Fw(J)— — - O(H?, OR H,U,) =0
ot w(J) 00 90 O.J (H} A 1)
* Let’s consider an external force: ' 3 : ,@
F o dpx o _8H1 ‘
T At O
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Perturbation theory with an external force ..

* Let's consider a first order perturbation of the distribution: U = \Ifo + \Ifl

* And a first order perturbation of the
Hamiltonian by an external force: H = HO + H;y

| w(J)%_ OH, OV,
| Bl 00 0J

e Let's consider an external force:
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Perturbation theory with an external force

[Ruggiero]

* Let's consider a first order perturbation of the distribution: U = \Ifo + \Ifl

* And a first order perturbation of the
Hamiltonian by an external force: H = HO + H;y

| OU,  OH, 0T, QX -
o TeWU5g ~ g a7 T O PNHT) =0

e Let's consider an external force:

dp,  OH;
Fea:t - dt T 833
OH 0x /T
_8—91 p— % exrt —_— 2J Slﬂ(g)Fea:t
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Perturbation theory with an external force

[Ruggiero]

* Let's consider a first order perturbation of the distribution: U = \Ifo + \Ifl

* And a first order perturbation of the

Hamiltonian by an external force: H = HO + H;y
oV oV, 0H; 0¥y 0 x
Fw(J)— — - O(H?, QR H, U
o "YU e ~ 59 oy TOUL !
 Let's consider an external force:
dpx 6H1
Fea: — 7, — T Ta__
g dt ox
8H1 ox /—
_% — % ext — SlIl( ) ext

* First order perturbation of Vlasov equation:

8\111 | (9\1/1 a\Ij() o
o Twl)5g —V2Jsin(0)Fer 7 =0
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[Wake,

The collective force Pinch,

Ruggiero]

. _T Ax, (or Ay,)

- - >
2b . § \Fsz (or Ay,)

. Source, q;

. Witness, q,
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[Wake,

The collective force Pinch,

Ruggiero]
L

10132
@ q Mulordv - =
T R e e e e e > E 5
2b ® ? J Ax, (or Ay,) ) L -g
. Source, q; i

10

. Witness, q,
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[Wake,

The collective force Pinch,
Ruggiero]
L
O*Y‘ ............. ®”
@ ) Mulordy) - g @ > &
L ® Vigoray > s e o
2 2 % ‘‘‘‘‘ ’ ‘ .....
. Source, 4, mnm ‘ ‘
. Witness, q,
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[Wake,

The collective force Pinch,
Ruggiero]
L
. Y. W id
: - . &
e @ ] e
B &® -.
@ source g, nﬁ ' ....... ‘
@ witness,q, T 10 2 '
* Simple model for the collective force: Fext — _QAQth <£IJ>
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[Wake,

The collective force Pinch,
Ruggiero]
L
. Y. W id
: - . &
29 & -
@ source g, nﬁ ' ....... ‘
@ witness,q, T 10 '
* Simple model for the collective force: Fext — _QAQth <£IJ>

* We look for harmonic solutions:
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[Wake,

The collective force Pinch,
o = . I
%3 & -
@ source g, wnm ' ..... ‘
. Witness, q,
* Simple model for the collective force: Fext — _QAQth <CIJ>

 We look for harmonic solutions: W{ = g(J)ei(Q—Qt)
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[Wake,

The collective force Pinch,

Ruggiero]

@ phabrw R £
2_b_. z o \FAX2 (OrAy2) = y
. Source, q; 3
. Witness, q, 3
* Simple model for the collective force: Fext — _QAQext <CIJ>
. 1
« We look for harmonic solutions: W = g(J)eZ(Q_Qﬂ (‘I’O = %fO(J))
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[Wake,

The collective force Pinch,

Ruggiero]

-—— 4—)’- --
2@ °
. Source, q;

. Witness, q,

""""

* Simple model for the collective force:

 We look for harmonic solutions: W4

CERN Accelerator School
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[Wake,

The collective force Pinch,

Ruggiero]

. _T Ax, (or Ay,) g ;
n® T Vagoray) -7
. Source, q;
. Witness, q, -3
* Simple model for the collective force: Fext — —QAQeq;t <513>

g J)ei(e—ﬂt) (q;o — %fO(J))

 We look for harmonic solutions: W4

VR

—1 d
(Q—W)g: TAQGmtdi;VQJ/dJV 2<]g
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Van Kampen approach for beams

[VanKampen]

* There are various approach to solving the first order perturbation of
Vilasov equation

(Q—w)g:—AQextdfof/deg
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Van Kampen approach for beams

[VanKampen]

* There are various approach to solving the first order perturbation of
Vilasov equation

- Landau approach based on complex calculus and Laplace transforms

—1 d
(Q—w)g = TAQextdi;\/QJ/dJ\/QJg
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Vilasov equation

- Landau approach based on complex calculus and Laplace transforms

- Van Kampen approach based on distributions instead of functions
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Van Kampen approach for beams

[VanKampen]

* There are various approach to solving the first order perturbation of
Vilasov equation

- Landau approach based on complex calculus and Laplace transforms

- Van Kampen approach based on distributions instead of functions

—1 dfo /5
(Q —w)g — TAﬂextw 2J |
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Van Kampen approach for beams

[VanKampen]

There are various approach to solving the first order perturbation of
Vilasov equation

- Landau approach based on complex calculus and Laplace transforms

- Van Kampen approach based on distributions instead of functions

\/7df0
(. —w

Coherent mode \

—1 dfo /5
(Q —w)g — TAﬂextw 2J |

CERN Accelerator School

—1
c — _AQG:L’
g 9 t
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Van Kampen approach for beams

[VanKampen]

There are various approach to solving the first order perturbation of
Vilasov equation

- Landau approach based on complex calculus and Laplace transforms

- Van Kampen approach based on distributions instead of functions

) / dfo dfo
—1 _ V2J =+
gc — AQext 9k = 21 Aﬂext ( Qk—cij )
2 QC - CL) p \4

ST — k)

Coherent mode VHcoherent modes

—1 dfo /5=
(Q —w)g — TAﬂextw 2J |
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Van Kampen approach for beams

[VanKampen]

There are various approach to solving the first order perturbation of
Vilasov equation

- Landau approach based on complex calculus and Laplace transforms
- Van Kampen approach based on distributions instead of functions

- It's ok since eventually we are only interested in integrals of these
distributions (e.g. to compute the average beam position)

_1 A / dfO B 1 mdf_o
gc — TAQea}t O N 9k = TAQext ( Q;{,—Cg
c p.v
+ AO(T — k)
Coherent mode Incoherent modes

S e (D)
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Van Kampen approach for beams

[VanKampen]

There are various approach to solving the first order perturbation of
Vilasov equation

- Landau approach based on complex calculus and Laplace transforms
- Van Kampen approach based on distributions instead of functions

- It's ok since eventually we are only interested in integrals of these
distributions (e.g. to compute the average beam position)

_1 A / dfO B 1 mdf_o
gc — TAQea}t O N 9k = TAQext ( Q;{,—Cg
c p.v
+ AO(T — k)
Coherent mode Incoherent modes

Q- w)g = A0, 20V (] .
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Van Kampen approach for beams

[VanKampen]

* There are various approach to solving the first order perturbation of
Vilasov equation

- Landau approach based on complex calculus and Laplace transforms
- Van Kampen approach based on distributions instead of functions

- It's ok since eventually we are only interested in integrals of these
distributions (e.g. to compute the average beam position)

d d
—1 \/ fO -1 AQ V2J dL?
gc — AQezL’t 9k = 2 ext O —w
2 QC - CL) p v
+ Aed(J — k)
Coherent mode Incoherent modes
dfo h
* The dispersion relation links the coherent J dfO
mode frequency with the frequency shift due
to the collective force via the tune spread AQea:t
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The stability diagram Russoin]

fy = le_% w(J) =wo (Qo + aJ)

€
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The stability diagram .
fo = L2 w(J) = wo (Qo+aJ)
€

* Using a Gaussian distribution and linear detuning, we can write the
dispersion relation:

15.11.2022 CERN Accelerator School



The stability diagram .
fo = L2 w(J) = wo (Qo+aJ)
€

* Using a Gaussian distribution and linear detuning, we can write the
dispersion relation:

—1
AQext

=1—qge’FE1(q)
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The stability diagram
fo= 2=t w(J)=wo(Qo+al)
€

* Using a Gaussian distribution and linear detuning, we can write the =)
dispersion relation: -,

—1 QC_QO

[Ruggiero]

_ _ q —
=1—qe’FE1(q) 4 o

AQext
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The stability diagram .

fy = 16—% w(J) =wo (Qo + aJ)

e Using a Gaussian distribution and linear detuning, we can write the S
dispersion relation:
—1 B
A =1—qe?Fi(q) 9=
Qe:ct
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The stability diagram .
fo = L2 w(J) = wo (Qo+aJ)
€

e Using a Gaussian distribution and linear detuning, we can write the S
dispersion relation:
—1 . B
A =1—qe?Fi(q) 9=
Qe:ct
1.0-
0.8
.06
=l
m 0.4
0.2
0-03 0 5 10 15

15.11.2022

FH(ﬂoext‘)
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The stability diagram .

fy = 16—% w(J) =wo (Qo + aJ)

e Using a Gaussian distribution and linear detuning, we can write the S
dispersion relation:
—1 .
A =1—qge’FE1(q)
Qe:ct
1.0-
0.8
.06
=l
m 0.4
0.2
0-03 0 5 10 15

FH(ﬂoext‘)
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The stability diagram .

fy = 16—% w(J) =wo (Qo + aJ)

e Using a Gaussian distribution and linear detuning, we can write the S
dispersion relation:
—1 .
A =1—qge’FE1(q)
Qe:ct

If the tune shift due to the i 5
collective force is inside '
of the stability diagram 0.8
Q. <0 S 6]
. ™ 0.4
The beam is stable
0.2 *
0:0% 0 5 10 15

\(R(ﬂoext)
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The stability diagram .

fy = 16—% w(J) =wo (Qo + aJ)

e Using a Gaussian distribution and linear detuning, we can write the S
dispersion relation:
_ 1 q
A =1—qe?E;(q)
Qea?t
If the tune shift due to the 10/ If the tune shift due to the
collective fqrce i.S inside ' collective force is outside
of the stability diagram 0.8 pZ of the stability diagram
Cx R A
. ™ 0.41
The beam is stable * * The beam is unstable
0.2
007 0 5 10 15
\(R(ﬂoext)
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The stability diagram .

fy = 16—% w(J) =wo (Qo + aJ)

e Using a Gaussian distribution and linear detuning, we can write the S
dispersion relation:
_ 1 q
A =1—qe’E(q)
Qe:ct
If the tune shift due to the 10/ If the tune shift due to the
collective fqrce i.S inside ' collective force is outside
of the stability diagram 0.8 pZ of the stability diagram
Cx R
. ™ 0.4
The beam is stable * * The beam is unstable
0.2
007 0 5 10 15

FH(ﬂoext‘)

* The stability diagram is a very common way of representing Landau damping
when the impact of the collective force can be represented by a complex tune shift
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Forced beam oscillations

[Ruggiero]

Fe:ct — Ae:cte_ZQt
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Forced beam oscillations

[Ruggiero]

Fe:ct — Ae:cte_ZQt

5’\1/1 I a\:[jl ?:Qta\p() L
o 'w()(?@ — V2Jsin(0)Acze 57 =0
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Forced beam oscillations

[Ruggiero]

Fea:t — Ae:cte_ZQt

5’\111 | CU( )a\pl / SlIl( ) exteiﬂt% —0

* We look for harmonic solutions _ 1(0—Qt)
resonant with the excitation: \Ijl =9 (J)e
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Forced beam oscillations

[Ruggiero]

Fea:t — Ae:cte_ZQt

., OW
| w( )(9\1/1 / Sln( ) ewtezﬂtﬁ — 0

* We look for harmonic solutions _ 1(0—Qt)
resonant with the excitation: \Ijl =9 (J)e
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Forced beam oscillations —_—
ggiero]

Fe:ct — Ae:cte_ZQt

I a\:[jl 1Ot (3’\110 L
o Fw(J)—— — v2Jsin(0)Aczie 57 =0

* We look for harmonic solutions _ 1(0—Qt)
resonant with the excitation: \Ijl =9 (J)e

g \/7dfo
Aea:t 2 () — (U(J)

() / / J 4
= | dJdOxqg= [ dJ
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Forced beam oscillations

[Ruggiero]

Fea:t — Aexte_ZQt

oy OV
8\111 | w( )a\pl / SlIl( ) ewtezﬂt% —0

* We look for harmonic solutions _ 1(0—Qt)
resonant with the excitation: \Ijl =9 (J)e

g \/7df0
Ae:t:t 2Q —(U(J)

() / / J 4
= | dJdOxqg= [ dJ

* The beam oscillation amplitude normalised to the excitation amplitude is called
the beam transfer function — A measurable quantity that directly relates to
the stability diagram
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Beam transfer function measurement

[Tambasco]

n— .vyuilHHWHHU

| Beam Response
! Ainv @in, Q Ui” ! - Network
(1l ||||||“|H4 Ana'YZer Aout, pout, Q

BTF. Amplitude (Q), phase (Q)
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Beam transfer function measurement

[Tambasco]

!

1 - - .ylvyuilHHlUHIl”
I Beam Response
o/ 1 Ain, @in, Q| ! Network
| .1..m|m4 Analyzer AouLipolid

BTF. Amplitude (Q), phase (Q)
Measurrementrat LHC

0.8} — BTF Measurements |

S ;
© — Fit
[}
g o
-
=
=3
€
<
4
— 3}
©
g
fa— 2_
Q
©
o= 1
[a
0

0278 0.280 0.282 0284 0286 0288 0290

Qx
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Beam transfer function measurement

[Tambasco]

1 a - ""VlHIHHI“HIl”
I Beam Response
of 1 Ain, in, Q ! Network
| .1..|.th Analyzer AouLipolid

BTF. Amplitude (Q), phase (Q)

Transfer function of the

Measurement at LHC

- : ; driven damped oscillator
';' 0.8} — BTF Measurements |4 101
o — Fit v
o) §e)
2 2
s °]
= % o
4 —
. al 5 0.4
g o
E 2 n 0.2
2 1 £
o 0.0 : : .
o= ( l . . | . 0.0 0.5 1.0 1.5 2.0
0.278 0.280 0.282 0.284 0.286 0.288 0.290 w/wo
Qx
15.11.2022 CERN Accelerator School




Amplitude [a.u.]

Beam transfer function and stability diagram ., ...

~ [ as

df
i)

Measurement at LHC

Q—w(J)

o
o)

— BTF Measurements |-

— Fit

4 . = .
= 3l A
O
©
E ﬁ*’
[4F]
©
= 1t
o
0
0278 0280 0282 0284 0286 0288 0290
Qx
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Amplitude [a.u.]

Phase [rad]
2= B w

Beam transfer function and stability diagram ., ...

e K

df
i)

—1

Measurement at LHC

Q—w(J)

»

Aﬂext B

c o o o
R - N
: ‘ -

e
[=)

— Fit

— BTF Measurements |-

P

=

0278  0.280

15.11.2022
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Amplitude [a.u.]

Phase [rad]
2= B w

Beam transfer function and stability diagram ., ...

<£I}> B deo
Agrs _/dJQ—w(J)

Measurement at LHC
0.8 | | | ' — IBTF Meas'urements'-
— Fit
0.6}
0.4}
0.2}
0.0

P

»

//5,,,

0.2378 0.i80 0.282 0.284 0.286 0.288 0.290

Qx

15.11.2022

»

—Im (AQ)

CERN Accelerator School

1 deo
_ / dJ
At (). —w(J)

le=3

-1.5 —i.o -0.5 0.0 0.5 1.0 1.5
le-3
Re (AQ) €




Amplitude [a.u.]

i
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=
Q
wn
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£
o

Beam transfer function and stability diagram ., ...

<£I:> B deo
_/dJQ—w(J)

Measurement at LHC

— BTF Measurements |-
— Fit

o
o)

O = N W
W

0.3_378 0.i80 0.282 0.284 0.286 0.288 0.290
Qx

»

»

—Im (AQ)

1 deo
_ / dJ
At (). —w(J)

le=3

-

=1.5 -1.0 -0.5

0.0 0.5 1.0 1.5
Re (QQ) le-3

The BTF is an interesting way to quantify experimentally Landau damping
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* Landau damping stems from the interaction of single particles with
waves

- A necessary condition for Landau damping is the a comparable velocity /
frequency of the wave and the particles motion

15.11.2022 CERN Accelerator School



* Landau damping stems from the interaction of single particles with
waves

- A necessary condition for Landau damping is the a comparable velocity /
frequency of the wave and the particles motion

* While collective forces such as wake fields or electron clouds tend to
generate unstable modes of oscillation, Landau damping stabilises them

without emittance growth

- An external perturbation may also decay through a similar phenomenon,
we rather talk about decoherence or filamentation. This mechanism

leads to emittance growth
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* Landau damping stems from the interaction of single particles with
waves

- A necessary condition for Landau damping is the a comparable velocity /
frequency of the wave and the particles motion

* While collective forces such as wake fields or electron clouds tend to
generate unstable modes of oscillation, Landau damping stabilises them

without emittance growth

- An external perturbation may also decay through a similar phenomenon,
we rather talk about decoherence or filamentation. This mechanism

leads to emittance growth

* Landau damping originates in the spread of oscillation frequencies of the
particles in the beam

- ltis a linear mechanism, as in plasmas. However in accelerators the
frequency spread often originates from non-linear forces
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“Now what ?”

— Fuego,a down-to-earth rabbit

* Ok, in the second part we’ll address practical applications...
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