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In the last lecture,we haveintroducedand discussedthe conceptof wakefields and impedances,and have
looked at some of the different variants in the longitudinal and transverseplanes. We have learned that
impedancescan havea detrimental impact on both the machineenvironment (beam inducesheating) as
well asthe beamitself (coherentbeaminstabilities).

Acarefuldesignof machineelementsto minimizethe impedanceis thereforenecessary.

Wehavealsodiscussedthe mechanismof coherentinstabilitieson the instability loop. In this lecture,we will
be lookingat examplesof different typesof instabilitiesandsomeof their phenomenology.

ÅPart IV: Coherent beam instabilities

o Examples of coherent beam instabilities at CERN

o Slow headtailinstability at finite chromaticity

o Fast headtailor transverse mode coupling instability

o Longitudinal instabilities
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The CERN accelerator complex
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Example: coupled bunch instability
ÅCoupled bunch instabilities vs. single bunch instabilities

ÅDepends on: long range vs. short range wakefields

ÅMitigated by: transverse damper systems and Landau damping
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Horizontalcoupledbunchinstability observedduringthe 2015scrubbingrun in the SPS.

Thetransversedamperwasset up to damp low frequencyoscillations. It would not reachup to
20MHz. It would turn off, oncea certainoscillationamplitudewasexceeded,asa safetymeasure.
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Horizontalcoupledbunchinstabilityobservedduringthe 2015scrubbingrun in the SPS.

Thetransversedamperwasset up to damp low frequencyoscillations. It would not reachup to
20MHz. It would turn off, oncea certainoscillationamplitudewasexceeded,asa safetymeasure.

Transverse damper deactivates
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Horizontalcoupledbunchinstability observedduringthe 2015scrubbingrun in the SPS.

Thetransversedamperwasset up to damp low frequencyoscillations. It would not reachup to
20MHz. It would turn off, oncea certainoscillationamplitudewasexceeded,asa safetymeasure.

Asa consequence,bunchesblow up andintensityor eventhe full beamarelost duringthe cycle.

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

Instead,a new type of instability emergedΧ
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Example: single bunch instabilities
ÅPure centroid vs. intra-bunch motion (slow headtailinstability)

ÅRelation between bunch length and impedance spectrum
Å Investigation beam stability and

incoherent losses as a function of
chromaticity for high intensity beams.

Å BCMSbeamς4 x 48 bunches

The horizontal coupled bunch instability at 20 MHz did no longer appearwith the transverse damper 
now having been fine adjusted resulting in finite gain at these frequencies.
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Example: single bunch instabilities
ÅPure centroid vs. intra-bunch motion (slow headtailinstability)

ÅRelation between bunch length and impedance spectrum
Å Investigation beam stability and

incoherent losses as a function of
chromaticity for high intensity beams.

Å BCMSbeamς4 x 48 bunches

Setting the chromaticity to 0.2 (normalized units) yielded instabilities that were not mitigated by the 
transverse damper.
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Example: single bunch instabilities
ÅPure centroid vs. intra-bunch motion (slow headtailinstability)

ÅRelation between bunch length and impedance spectrum
Å Investigation beam stability and

incoherent losses as a function of
chromaticity for high intensity beams.

Å BCMSbeamς4 x 48 bunches

Setting the chromaticity to 0.4 (normalized units) yielded instabilities that were not mitigated by the 
transverse damper.
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Example: single bunch instabilities
ÅPure centroid vs. intra-bunch motion (slow headtailinstability)

ÅRelation between bunch length and impedance spectrum
Å Investigation beam stability and

incoherent losses as a function of
chromaticity for high intensity beams.

Å BCMSbeamς4 x 48 bunches

Setting the chromaticity to 0.6 (normalized units) the instabilities were suppressed.
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We haveseensomeexamplesof coherent beam instabilities observedin recent yearsat the CERNSuper
Proton Synchrotron(SPS). We were able to observea coupled bunch instability and have seenthat these
typesof instabilitiescanbemitigatedby a transversefeedbacksystem.

We havethen seenanother type of instability arisingat finite chromaticities. Thisinstability featureshigher
frequencyintra-bunchmotion andis thereforecalleda (slow)headtail instability.

Wewill now havea brief lookat a more formal descriptionof this type of instability.

ÅPart IV: Coherent beam instabilities

o Examples of coherent beam instabilities at CERN

o Slow headtailinstability at finite chromaticity

o Fast headtailor transverse mode coupling instability

o Longitudinal instabilities
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Headtailmodes
ÅHeadtailinstabilitiescanbe derived from the Vlasovequation in the presenceof impedances. Theyevolve

as eigenmodesof the coupled accelerator-beam system. Theeigenvalueof thesemodesis the complex
tuneʍςthis numberfully characterizesa modeandthusan instability:

* F. Sacherer: Methods for computing bunched-beam instabilities, CERN-SI-BR-72-5. - 1972. - 41 p. 

From solving Vlasovequation

Single particle probability 
density function

Stationary solution Perturbation mode Eigenfrequency
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as eigenmodesof the coupled accelerator-beam system. Theeigenvalueof thesemodesis the complex
tuneʍςthis numberfully characterizesa modeandthusan instability:

* F. Sacherer: Methods for computing bunched-beam instabilities, CERN-SI-BR-72-5. - 1972. - 41 p. 

From solving Vlasovequation

Single particle probability 
density function

Stationary solution Perturbation mode Eigenfrequency

Å Ultimately,we expressthe characteristicsof a givenperturbationmodevia its complextune shift

Å Therealpart of this numbergivesthe coherenttune shift of the respectiveunperturbedmode

Å Theimaginarypart givesthe growth rate of the perturbationmode
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Headtailmodes
ÅWriting down the full Vlasovequation with the beamcouplingimpedanceand finding a solution in terms

of eigenmodesandeigenfrequenciesisnon-trivial.

ÅIn 1972, FrankSachererwrote down an approximate solution for the headtail modes,which very well
matchedobservationsin the CERNProtonSynchrotron(PS)(*):

ÅThus,Sachererfound that the observedsignalat a (wideband)pickupfor a givenmode l canbe described
as:

* F. Sacherer: Methods for computing bunched-beam instabilities, CERN-SI-BR-72-5. - 1972. - 41 p. 
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Headtailmodes
ÅIn a certainabstraction,we canthink of a bunchasa quasione dimensionalline element (string) of finite

length.

ÅWriting down andsolvingthe Vlasovequationone finds that, with certainapproximations*,this string has
a set of eigenmodesof oscillation, each featuring a distinct oscillation pattern. Theseare called the
Sacherermodesgivenas:

ÅEachof thesemodesis characterizedby its unique radial mode number m. Eachmode featuresa distinct
pattern whenobservedasa signaldetectedat a pickup:

* F. Sacherer: Methods for computing bunched-beam instabilities, CERN-SI-INT-BR-72-5. - 1972. - 44 p.  

It is to be noted, that these bunch modes are always latently present, but not usually excited. 
It requires an impedance as source of energy together with chromaticity to generate a synchronization of the 

bunch motion with the wake fields kicks in order to drive a given bunch mode into resonance.
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Belowtransition Above transition

Chromaticity negative l = 0 stable;
l > 0 unstable

l = 0 unstable;
l > 0 stable

Chromaticity positive l = 0 unstable; 
l > 0 stable

l = 0 stable;
l > 0 unstable
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We haveseenhow we candescribeheadtailmodesas{ŀŎƘŜǊŜǊΩǎsinusoidalmodes. We havelearnedthat it
requires impedances and chromaticity for these modes to actually be resonantly excited via a
synchronizationbetweenthe transverseandlongitudinalparticle motion andthe wakefield kicks.

Wehavealsoseenhow we usuallyoperatemachinesin certainchromaticity regimes, dependingon the state
of transition,in order to suppressthe mode0.

Anothervery violent type of instability is the transversemode couplinginstability (TMCI)which occursalso
for vanishingchromaticityandprovidesa hardlimit on the intensityreachof manymachines.

ÅPart IV: Coherent beam instabilities

o Examples of coherent beam instabilities at CERN

o Slow headtailinstability at finite chromaticity

o Fast headtailor transverse mode coupling instability

o Longitudinal instabilities
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Azimuthal bunch modes
ÅThe pure betatron motion follows from
IƛƭƭΩǎequationto

ÅA spectral analysis of the betatron
motion yield a singledistinct line at the
betatron tune
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wake fields for example, leads to a
modulationof the betatron motion with
the synchrotronmotion.

ÅSynchrotron sidebandsdevelop in the
betatron spectrum ς we call each
sidebandan azimuthalmodeof order l.
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Azimuthal bunch modes
ÅThe pure betatron motion follows from
IƛƭƭΩǎequationto

ÅA spectral analysis of the betatron
motion yield a singledistinct line at the
betatron tune

ÅAny coupling of the transverse to the
longitudinalmotion, such in the caseof
wake fields for example, leads to a
modulationof the betatron motion with
the synchrotronmotion.

ÅSynchrotron sidebandsdevelop in the
betatron spectrum ς we call each
sidebandan azimuthalmodeof order l.

Å Impedancesgeneratea complex tune shift ɲQl for every
mode

ÅThe real part of this shift indicates the shifting of the
correspondingmode

ÅTheimaginarypart of this shift indicatesthe growth rate of
the correspondingmode
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Transverse mode coupling instability (TMCI)
ÅAt 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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Transverse mode coupling instability (TMCI)
ÅAt zero chromaticity, all

headtail modesare usually
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ÅAs the bunch intensity
grows tunes will shift
furtherΧ

ÅAzimuthal mode lines can
shift in opposite
directionsΧ

Mode A Mode B
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Transverse mode coupling instability (TMCI)
ÅAt 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.

ÅAs the bunch intensity
grows tunes will shift
furtherΧ

ÅAzimuthal mode lines can
shift in opposite
directionsΧ

ÅUntil they couple and
generatethe highly violent
transverse mode coupling
instability

Mode A Mode BMode A Mode B

The TMCI threshold is often a hard limit on the reachable intensity in many machines.
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Slow TMCI regime

Fast TMCI regime

Transverse mode coupling instability in the SPS
ÅTMCIin the SPS(modeledusinga broadbandresonatorimpedanceat around1.3GHz)

H. Bartosik

Mitigation of TMCI is usually done already at the design stage by maintaining a strict impedance budget.
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An intensity scan in the SPS from 2017

ÅIntensity scans clearly reveal 
an intensity limitation at 
around 2.4e11 ppb

ÅThis limit manifests itself via 
a strong instability 
accompanied by very fast 
losses. This is the transverse 
mode coupling instability 
(TMCI).
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TMCI threshold

ÅIntensity scans clearly reveal 
an intensity limitation at 
around 2.4e11 ppb

ÅThis limit manifests itself via 
a strong instability 
accompanied by very fast 
losses. This is the transverse 
mode coupling instability 
(TMCI).

ÅThe LHC Injectors Upgrade 
will require a total injected 
intensity of 2.6e11 ppbin 
the future! 

Is this excluded?

Are there any means to breach 
ǘƘŜ ǿŀƭƭΧΚΗ
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