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Why have we started with the longitudinal impedance?

1. In the collision scheme with Crab Waist and Large Piwinski Angle the
luminosity and tune shifts strongly depend on the bunch length
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2. For the future circular colliders with extreme beam parameters in collision
several new effects become important such as beamstrahlung, coherent X-Z
instability and 3D flip-flop. The longitudinal beam dynamics plays an
essential role for these effects
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* Linear Arc Map with SR radiation

« Horizontal crossing angle: Lorentz boost map

* Bunch slice number is about 10 times Piwinski angle
» Slice-Slice collision: Synchro-beam mapping method
« Synchrotron radiation during collision

 Longitudinal wake potential is calculated in frequency domain
before IP each turn
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Interplay between beam-beam interaction,
beamstrahlung and longitudinal impedance

X-Z Instability

1. Tune shift of stable tune areas due to the impedance related
synchrotron frequency reduction

2. Reduction of sizes of the stable tune areas

3. Smaller beam blowup presumably due to the synchrotron
frequency spread induced by the impedance

In Stable Areas

1. Longer bunch length
2. Smaller energy spread than that due to beamstrahlung alone

3. Eventual damping of the microwave instability due to longer
bunches and overall higher energy spread
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Combined effect of beamstrahlung and longitudinal
Impedance in stable tune areas
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Semianalytical calculations are in reasonable
agreement with numerical modeling
TABLEIV. The FCC-ee beam energy spread and length as well

as the synchrotron tune parameter due to the combined effect of
SR, BS, and PWD.

E [GeV] 45.6
oF 0.00126"
0.00132°
o, [mm] 12.2:
12.6
vl 0.964

“Beam-beam simulation [21].
bSemianalyﬁcal model (SR + BS + PWD).

Longitudinal Impedance induces
« Longer bunch length
» Lower energy spread

» Lower incoherent synchrotron tune




X-Z instability tune scan with and without beam coupling
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M. Zobov

ldea of using harmonic cavities

With harmonic cavities the lower synchrotron tune can be achieved without momentum
acceptance reduction, differently from the main cavities voltage reduction alone.

So higher order X-Z resonances nQx-mQs take place for the same betatron working points,
l.e. a weaker X-Z instability is expected.

The harmonic cavities provide a higher synchrotron frequency spread (Landau cavities). This
may help to suppress the X-Z instability and provides additional damping of the longitudinal
multi-bunch instabilities.

The microwave instabilities are expected to be weaker with the harmonic cavities as is the
case of several synchrotron light sources.

Longer bunches reduce the horizontal tune shift, since it scales inversely to the second power
of the bunch length. This also helps in suppressing the X-Z instability.

Longer bunches in collision result in a smaller energy spread due to beamstrahlung.



Harmonic cavity configuration of FCC-ee-Z

Bunch is lengthened about a factor of 2 (without collision)

e EO =45.6 GeV
e UO = 18 MV (half ring)

* Main Cavity,
¢ Vrf = 50 MV @ 0.0000
e $=156.1° (50sin¢p = 20.3)

e 319 Harmonic, 1.2GHz
. Vrf, = 11.7 MV
* $3=-11.1°(11.7 sin 3 = —2.3)
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Horizontal size blowup with Harmonic Cavity
@ FCC-ee-Z

With full impedance, it is all stable at different bunch population
(Qx: 0.554-0.576/0.001)
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Luminosity with Longitudinal Impedance
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Single Bunch Instability w/ Harmonic
Cavity at FCC-ee-Z
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Some Discussion

The X-Z instability is a multi-parametric problem:

« ¢, affects the resonance strength, i.e. the width of the resonances
£, should be less than the distance between the resonance lines
 order of the resonances (Qx+nQs)

 spread of the synchrotron frequencies

* bunch shape is important for a head-tall instability

* Etc.

Many of these effects depend on the impedance frequency behavior
and the effective impedance depends on the bunch length.



Issues to be solved/studied for
harmonic cavity scheme

* Transient beam loading
 TMCI should be carefully investigated.

« Some luminosity loss due to longer bunches for the fixed total
SR power.

« Additional impedance contribution of the harmonic cavities and
other devices.

* Energy calibration.
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Higher Momentum Compaction

 FCC-ee-Z CDR: 60°/60° FODO cell

« Switching from 60°/60° to 45°/45° arc cell lattice has been proposed
for FCC-ee Z. The lattice for 45°/45° does not exist yet.

* To restore the luminosity of CDR, higher bunch population (28e10)
has been proposed.

Arc Cell €y 0,0 o, L/IP $x
1() [nm] pm] [mm] | [mm] 1() 103¢

0.0163 4.5 11.5 18.2 0.004
1.48 0.27 1.0 0.0125 3.5 12 13 2.3 28.5 0.004
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Bootstrapping Injection

« Horizontal size blowup

FODO CELL: 60°/60°
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Discussion on High Momentum Compaction

* good tune areas
* less bunches and higher intensity per bunch

« Higher bunch separation and higher bunch intensity

* e-cloud is much weaker
 avoiding ion trapping
* Higher synchrotron frequency is better for the energy calibration



D. Shatilov, FCC week 2019, Beam-Beam Effects for 4 IP

4 |P

* CDR parameters are used

* The layout is assumed to be symmetrical, so that 2x2 bunches collide,
and a quarter of the ring is a superperiod. This means that between
each pair of neighboring IPs there is a straight section where the RF
cavities and additional intersection without collision are located.

* decrease in the synchrotron tune per superperiod



Benchmark of simulations for 4|Ps
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Benchmark of simulations for 4|Ps

D. Shatilov, FCC week 2019, Beam-Beam Effects for 4 IP
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Impact of Impedance, 4 |P, BetaX=0.15m
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4P, betaX=0.1m
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Ssummary

 The beam coupling impedance can have a substantial impact on the
choice of beam parameters and the final collider performance.

* The principal effects are summarized:
« Tune shift of stable tune areas
« Smaller safe tune area
« Smaller beam blowup

« Possible Mitigation Options:
« Smaller S,
» Higher Harmonic Cavity (energy calibration?)
» Higher Momentum compaction

* The effect for 4IP scheme Is evaluated roughly

* it Is expected that longitudinal impedance will certainly increase. The
combined effect of impedance and beam-beam needs particular care since
It may cause unwanted instabilities.



* backup



Machine Parameter (CDR version)

Beam Energy 45.6 GeV

Bunch Population 17e10

Arc Cell 60°/60°

Bx/y 0.15 m/0.8 mm
Ex/ €y 0.27 nm/1.0 pm
v¢/superperiod 0.0125

o, [SR/BS] 3.5/12.1 mm

o, [SR/BS] 3.8/13.2x107*
$x [BS] 0.004

¢y [BS] 0.133

Piwinski Angle [SR/BS] 8.2/28.5



B reduced from 15 to 10 cm [45.6 GeV]
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