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lon trapping in electron machines

Beam-induced gas ionization gives rise to electrons and ions along the beam path
* The positive ions are attracted by the electron beam field and may be trapped in oscillation along the bunch train
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* Trapped ions accumulate over the passage of a bunch train and can lead to a fast beam-ion instability (FBII)

o Due to their large mass, the trapped ions barely move
during the passage of a single bunch

o However, they transfer information on the offset of one
bunch to the next, seeding a coupled-bunch instability

o lon trapping also gives rise e.g. to emittance growth and
tune shifts
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Machine observations

e Fast beam-ion instabilities have been observed since the 90’s in several machines
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* In most cases the instability has been observed only in the presence of vacuum degradation

o During commissioning
o Due to a local pressure rise, e.g. due to impedance-induced heating
o During experiments with additional injected gas
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Analytical model: lon trapping

lon trapping can be modelled using the linear approximation of the Bassetti-Erskine formula for a Gaussian beam field
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* Anion with mass number A, receives a velocity kick by the beam g (a s )a =k, y ¥, Y
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y/oy N, = bunch intensity
r, = classical proton radius

o,,= transverse beam size

Raubenheimer et al., Phys. Rev. E 52, 5, 5487,
Stupakov et al., Phys. Rev. E 52, 5, 5499
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Analytical model: lon trapping

lon trapping can be modelled using the linear approximation of the Bassetti-Erskine formula for a Gaussian beam field

. . . o 2Nyrpe T,y
An ion with mass number A, receives a velocity kick by the beam ’

* During the bunch spacing T, , the ions drift
o The kick — drift — kick — drift... motion is stable if k, , T, < 4 A> Agap = Nyrplic

-> Trapping condition for the ion mass number 2(0p +0y) 0y
* Theinstability rise time can also be estimated ’)/QALU[a 3
T X (024 0,) 0"
o Opposite dependence on bunch spacing, beam size and Sl nleEPZTbC * yrorry
intensity w.r.t the trapping condition
o Faster instability for large pressure, small mass (if trapped)
and long trains N, = bunch intensity n, = nr of bunches
r, = classical proton radius P = pressure
o,, = transverse beam size  wg = betatron frequency
Raubenheimer et al., Phys. Rev. E 52, 5, 5487, ’

Stupakov et al., Phys. Rev. E 52, 5, 5499
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lon trapping in the booster

e Since ion trapping is more likely for small bunch spacing, it is of concern mainly for Z mode operation

o We consider the booster parameters as presented at the FCC Week 2023 by A. Chance

e Assuming the “standard” booster optics and LINAC as injector

o For the filling scheme, we assume “case 4” from the MTR, with 10% of the collider bunch intensity

A. Chance et al, FCC Week 2023

Injector LINAC LINAC LINAC Filling scheme 1
Injection energy GeV 20 20 20 Bunch Intensity [x10° ppb] 1.51
Extraction energy GeV 45.6 45.6 45.6 Bunch spacing [ns] 15
Injection hor. emittance e, ;,; (norm.) pum 50 10 10
— : Train length [# bunches] 2.15
Injection vert. emittance ¢, ;,; (norm.) pum 50 10 1
Injection energy spread 6, in; % 0.1-0.15 0.1-0.15 0.1-0.15 04
Extraction hor emittance e, ¢, pum <0.3 <0.3 <0.3 <0.3
(geom)
Extraction vert emittance €, o4, pm <1.42 <1.42 <1.42 <1.42
(geom)
Extraction energy spread &, ¢x; % 0.04 0.04 0.04 0.04
Accumulation time s 24 24 24 54
Ramp time s 0.32 0.32 0.32 0.37
Flat top s 2.6 1.9 1 1.9
Total cycling time s 26.92 26.22 25.32 56.27

L. Mether

FCCIS 2023 WP2 workshop, Rome, 13-15 November 2023

2 3
2.15 | 2.15
20 25
280 560

2.43

25

255



https://indico.cern.ch/event/1202105/contributions/5408586/attachments/2659062/4610153/2023_06_07_full_energy_booster.pdf

lon trapping in the booster A. Chance et al, FCC Week 2023

* Based on the emittance evolution during the booster cycle, we can
estimate the evolution of the trapping mass

o The trapping condition is determined by the vertical plane

o The trapping mass is lowest, i.e. most critical, right after
injection and increases with the decrease in vertical emittance

10 um, 10 pm initial normalised emittances
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Analytical model: beyond the linear approximation

The linear approximation is good only in a small region around the centre of the beam: x,y<0.5 g, ,

lon y-kick due to beam field in CLIC-DR
le4 A =18

ky [m/s]
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Analytical model: beyond the linear approximation

The linear approximation is good only in a small region around the centre of the beam: x,y<0.5 g, ,

* Inthe non-linear regime, ion trajectories are altered and ions below the trapping mass can oscillate around a bunch

train for some time (“weak trapping”)

Trajectories for ion of mass A during the passage of a CLIC bunch train

Xo=0.70,,¥,=0.7 0,

A=11, k, T, =4.09 A=18, k, T, =2.50 A =80, k, T, =0.56

M

lon is trapped for
several bunch passages
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Analytical model: beyond the linear approximation

The linear approximation is good only in a small region around the centre of the beam: x,y<0.50

* Inthe non-linear regime, ion trajectories are altered and ions below the trapping mass can oscillate around a bunch
train for some time (“weak trapping”)

Trajectories for ion of mass A during the passage of a CLIC bunch train

Xo=150,,Yy,=1.50,

uwnu)mm ‘ . “'“'”’“I” ‘ /WW\\’W\m"‘/H\miww\“’w

lon is trapped for
several bunch passages
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Weak trapping in simulations

* This effect has been observed also in a past simulation study for the FCC-ee from 2017 (with obsolete parameters)

o Weak trapping can also cause instability, but with different characteristics than for fully trapped ions

The instability starts
at the end of trains,
moving towards the
front with increasing
pressure

The instability is
stronger for lower A

L. Mether
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Weak trapping in simulations

* This effect has been observed also in a past simulation study for the FCC-ee from 2017 (with obsolete parameters)

o Weak trapping can also cause instability, but with different characteristics than for fully trapped ions

The instability starts
at the end of trains,
moving towards the
front with increasing
pressure

The instability is
stronger for lower A
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First instability simulations for booster

* I|deally, we should simulate the FBII with a realistic
composition of vacuum species for different total

pressures over at least a damping time BunAchZTr?FinlesJ(r)%: 2
o FBIl simulations are computationally very heavy . 00_1e‘4 I
—> such a study takes months to perform P [nTorr]
— 0.754 —— 10.0
£ —— 5.0
*  First simulations cover only a few cases over a small s 0207 —— 20 l
number of turns 2 925 ll ‘“ H|'| It
o 1k l
o Focus on H,, despite weaker trapping, since g 0.00 - p2{ LA llll‘l i l“l' : \“'“ I ”.‘. ‘,. 'l “\"'
heavier species make up a much smaller £ “' ] |||l||'| Illlil | UII{ .| .m | |
fraction of the total pressure = —0.257 '
2 —0.50
g
o With initial emittances of 10 um in both planes, ~0.75 -
an instability develops within 2 turns even for a _1.004
pressure of 2 nTorr = 2.7e-9 mbar 0 50 100 150 200 250
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Trapping of heavier species

* Heavier species, such as CO, N2 and CO2, are
strongly trapped with a round beam of 10 um

* Also for these species, an instability develops within
2 turns for a pressure of 2 nTorr = 2.7e-9 mbar

o However, this would correspond to larger total
pressures, since the fraction of heavier species is
typically much lower
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L. Mether

Impact of initial emittances

Since the trapping mass number increases with decreasing
emittance, a lower (vertical) emittance at injection should

alleviate the instability, at least for H,

Simulations confirm that the option with 1 um vertical
emittance at injection is significantly less impacted by H,
trapping, although smaller amplitude oscillations still occur
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Since the trapping mass number increases with decreasing
emittance, a lower (vertical) emittance at injection should
alleviate the instability, at least for H,

Simulations confirm that the option with 1 um vertical
emittance at injection is significantly less impacted by H,
trapping, although smaller amplitude oscillations still occur
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Conclusion and outlook

* The fast beam-ion instability is likely to cause problems with the currently foreseen vacuum system
o lon trapping is strongest just after injection
* Heavier ion species, e.g. CO, N,, CO, are trapped for all considered emittances
* Hydrogen is weakly trapped for emittance of ~30 um or smaller, but can still cause instability
o Opting for a smaller vertical emittance at injection reduces the impact, but it is probably not sufficient

* Mitigation measures that don’t rely on low vacuum pressure can be considered

o The instability can generally be mitigated with a transverse feedback, but ion trapping will still occur and may
still lead to tune shift and emittance growth

o Clearing electrodes could be another solution, but design and impact e.g. on impedance need to be considered

A more extensive study (with the latest parameters) is needed for more accurate constraints
o The need for mitigation measures should be assessed and their effectiveness evaluated
o Mitigation strategy should be included in the overall design process, including in cost estimates



