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In the last lecture, we haveintroducedand discussedhe conceptof wake fields and impedancesand have
looked at some of the different variantsin the longitudinal and transverseplanes We have learned that
Impedancescan have a detrimental impact on both the machine environment (beam inducesheating) as
well asthe beamitself (coherentbeaminstabilities).

A carefuldesignof machineelementsto minimizethe impedanceis therefore necessary
We havealsodiscussedhe mechanisnof coherentinstabilitieson the instability loop. In this lecture, we will
be lookingat examplesof different typesof instabilities and someof their phenomenology

APart IV: Coherent beam instabilities

0 Examples of coherent beam instabilities at CERN
o Slowheadtailinstability at finite chromaticity

o Fastheadtailor transverse mode coupling instability
o Longitudinal instabilities
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In the last lecture, we haveintroducedand discussedhe conceptof wake fields and impedancesand have
looked at some of the different variantsin the longitudinal and transverseplanes We have learned that
Impedancescan have a detrimental impact on both the machine environment (beam inducesheating) as

well asthe beamitself (coherentbeaminstabilities).
A carefuldesignof machineelementsto minimizethe impedanceis therefore necessary

We havealsodiscussedhe mechanisnof coherentinstabilitieson the instability loop. In this lecture, we will
be lookingat examplesof different typesof instabilities and someof their phenomenology

APart IV: Coherent beam instabilities

0 Examples of coherent beam instabilities at CERN
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Exanmipie ccopipteduodhchstastaiylity deo'e
A Coupled bunch instabilitiess. single bunch instabilities
A Depends on: long range vs. short ramgakefields
A Mitigated by:transverse damper systems and Landau damping
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A Coupled bunch instabilitiess. single bunch instabilities
A Depends on: long range vs. short ramgakefields
A Mitigated by:transverse damper systems and Landau damping

Asa consequencehunchesblow up andintensity or eventhe full beamare lost duringthe cycle

Duringsomeadjustmentsin 2017 the bandwidth of the transversedamper up to 20MHz could
be fully exploited,successfullguppressinghis instability.

Instead,a new type of instability emergedX
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Horizontalcoupled bunchlnstablllty observeddurlngthe 20155c;rubb|ngun in the SPS E

Thetransversedamperwas set up to damp low frequencyoscillations It would not reachup to
20MHz It would turn off, oncea certainoscillationamplitudewasexceededasa safetymeasure
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A Pure centroid vs. intrlbunch motion (slovwheadtailinstability)

. . A Investigation beam stability and
A Relation between bunch length and impedance spectrum J y

incoherent losses as a function of
chromaticity for highintensity beams
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now having been fine adjusted resulting in finite gain at these frequencies

CERN
28. September 2024 Kevin Lt Collective effects IVSanta Susanna 8

[ The horizontal coupled bunch instabilay 20 MHz did no longer appeavith the transverse damper
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A Pure centroid vs. intrlbunch motion (slovwheadtailinstability)

. . A Investigation beam stability and
A Relation between bunch length and impedance spectrum J y

incoherent losses as a function of
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We have seensome examplesof coherent beam instabilities observedin recent yearsat the CERNsuper
Proton Synchrotron(SPS)We were able to observea coupled bunch instability and have seenthat these
typesof instabilitiescanbe mitigated by a transversefeedbacksystem

We havethen seenanothertype of instability arisingat finite chromaticities Thisinstability featureshigher
frequencyintra-bunchmotion andis therefore calleda (slow) headtail instability.

We will now havea brief look at a more formal descriptionof this type of instability.

APart IV: Coherent beam instabilities

o Slowheadtailinstability at finite chromaticity

CERN
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A Headtailinstabilitiescanbe derived from the Vlasovequation in the presenceof impedancesTheyevolve
as eigenmodesof the coupled acceleratorbeam system The eigenvalueof these modesis the complex
tune m ¢ this numberfully characterizes modeandthus aninstability:

W (o< |tho| + il) exp (1{91 s/c)

—
v Y

Stationary solution Perturbation mode Eigenfrequency

From solvingvlasovequation

* F. SachererMethods for computing bunchetbeam instabilities CERM6IBR72-5.-1972.- 41 p.
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Heatltailmodes deo'e,
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A Ultimately,we expresshe characteristicof a givenperturbation modeviaits complextune shift

Ay x exp (€2 s/c)

perturbation A?,bl on the single particle probability density function z,b

A Therealpart of this numbergivesthe coherenttune shift of the respectiveunperturbedmode

AQ; x Re (AS)

A Theimaginarypart givesthe growth rate of the perturbation mode

Tl_l x Im (A€2;) jon

&~ * F. SachererMethods for computing bunchetbeam instabilities CERM6IBR72-5.-1972.- 41 p.
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A Writing down the full Vlasovequation with the beam couplingimpedanceand finding a solution in terms
of eigenmodesandeigenfrequenciess non-trivial.

A'In 1972 FrankSacheremwrote down an approximate solution for the headtail modes, which very well
matchedobservationsn the CERNProton Synchrotron(PS)*):

(COS((Z—Fl)ﬂ' ) , 1=0,2,4,...

pi(z) = <

2| W x| W

Sin((l—}—l)ﬂ’ ) , 1=1,3,5,...

\

A Thus,Sachereffound that the observedsignalat a (wideband)pickupfor a givenmode | canbe described
as

. xw
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CE?W * F. SachererMethods for computing bunchetbeam instabilities CERM6IBR72-5.-1972.- 41 p.
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Headtailmodes (L\’)

PM signal [arb. units]
o
w
o

-04 -0.2 00 02 04 -04 -02 00 02 04 -04 -02 00 02 04 0.0 02 04
Bunch length [normalized] Bunch length [normalized] Bunch length [normalized] Bunch length [normalized]

§=10

It is to be noted, that these bunch modes are always latently present, but not usually excited.
It requires anmpedance as source of enerdggether withchromaticity to generate a synchronizatioof the
bunch motion with the wake fields kicks in orderdiove a given bunch mode into resonance

* F. SachererMethods for computing bunchetbeam instabilities CERMSHNT-BR72-5.- 1972.- 44 p.
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Headtallmodes ccx;
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It is to be noted, that these bunch modes are always latently present, but not usually excited.
It requires anmpedance as source of enerdggether withchromaticity to generate a synchronizatioof the
bunch motion with the wake fields kicks in orderdiove a given bunch mode into resonance
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* F. SachererMethods for computing bunchetbeam instabilities CERMSHNT-BR72-5.- 1972.- 44 p.
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Headtailmodes (L\’)

BPM signal [arb. units]
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Bunch length [normalized]

Bunch length [normalized] Bunch length [normalized] Bunch length [normalized]

£#0

It is to be noted, that these bunch modes are always latently present, but not usually excited.
It requires anmpedance as source of enerdggether withchromaticity to generate a synchronizatioof the
bunch motion with the wake fields kicks in orderdiove a given bunch mode into resonance

* F. SachererMethods for computing bunchetbeam instabilities CERMSHNT-BR72-5.- 1972.- 44 p.
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Headtailmodes (L\’)

BPM signal [arb. units]
o
w
o

-04 -0.2 0.0 0.2 0.4 -04 -0.2 0.0 0.2 0.4

-04 -0.2 00 02 04 -04 -02 00 02 04
Bunch length [normalized] Bunch length [normalized]

Bunch length [normalized] Bunch length [normalized]

Belowtransition Above transition

It turns out that 1/7 o< (1 +1)7! i.e.,
the lower order modes are the fastest

growing ones

Chromaticity negative | = O stable; | = 0 unstable;
| > 0 unstable | > O stable

Chromaticity positive | = 0 unstable; | = O stable;
| > O stable | > 0 unstable

c@ * F. SachererMethods for computing bunchetbeam instabilities CERMSHNT-BR72-5.- 1972.- 44 p.
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We haveseenhow we candescribeheadtailmodesas{ I O K Sshdsdid@linodes We havelearnedthat it
requires impedances and chromaticity for these modes to actually be resonantly excited via a
synchronizationbetweenthe transverseandlongitudinalparticle motion and the wake field kicks

We havealsoseenhow we usuallyoperate machinesin certain chromaticity regimes dependingon the state
of transition, in order to suppresshe modeO.

Another very violent type of instability is the transversemode couplinginstability (TMCIl)which occursalso
for vanishingchromaticityand providesa hardlimit on the intensity reachof manymachines

APart IV: Coherent beam instabilities

o Fastheadtailor transverse mode coupling instability

CERN
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A The pure betatron motion follows from
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A The pure betatron motion follows from
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A The pure betatron motion follows from
| A fedud&ianto
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A A spectral analysis of the betatron
motion yield a singledistinct line at the
betatrontune

A Any coupling of the transverseto the
longitudinal motion, suchin the caseof
wake fields for example leads to a
modulation of the betatron motion with
the synchrotronmotion.

A Synchrotron sidebands develop in the
betatron spectrum ¢ we call each
sidebandan azimuthalmode of order .
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A Impedancesgeneratea complex tune shift nQ, for every
mode

A The real part of this shift indicates the shifting of the
correspondingnode

A Theimaginarypart of this shift indicatesthe growth rate of
the correspondingnode
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Transvesrsenmode-coupling instability (TMCI) deo'e,
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A At zero chromaticity, all
headtail modesare usually
symmetricallyat the same
time damped and excited
None of the modesbegins
to grow and the beam is
inherently stable.
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A At zero chromaticity, all Sl 2.0029 40
headtail modesare usually 00005 g2
symmetricallyat the same 0.0005 0.0010 3.0
time damped and excited = 0.0005 2B
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Transversenmodercouphing instability (TMCI) deo'
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Transversenmodercouphng instability(TMCI)
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Transversenmodecouphng tastabi|ityTMCI)

A At zero chromaticity, all Sl G002 %0
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time damped and excited = 0.0005 25—
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A TMClin the SPSmodeledusinga broadbandresonatorimpedanceat around1.3GHz)
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