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Wakefields and impedances

Beam pipe Crab cavity

* An electromagnetic field is generated and perturbs the

following bunches or the bunch itself
Pumping port

Magnet + transition

Ferrite kicker

2018-03-29 18 months PhD seminar



Impedance induced instabilities

* Currently have an impedance model for LHC/HL-LHC
— Used for transverse coherent stability studies

— Prediction of stability thresholds /Reproduce machine observables

— Reached factor 1.3 between measurements and simulations

7/ ns
Simulated head-tail mode
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1.0

Model used as the basis for HE-LHC

HE-LHC impedance and stability

+  Simulation HL-LHC
+  Simulation LHC
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Introduction

* Updated HE-LHC impedance model and stability simulations
— Old collimator gaps from design review (Dec. 2017)
— New collimator gaps from the CDR (Dec. 2018)
— Beam parameters from the CDR when relevant

* Presented at HE-LHC desigh meeting in Dec. 2018
https://indico.cern.ch/event/781175/

— Beam stability simulations and results were performed
and presented by S.Antipov

— Only the transverse impedance and single beam stability
are addressed in this talk

* For longitudinal considerations, see previous talk by E. Shaposhnikova
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https://cds.cern.ch/record/2651305/files/CERN-ACC-2018-0059.pdf
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Impedance model: assumptions

* Based on HL-LHC impedance model
e Cold beam screen

— 2017 FCC-hh beam screen impedance, scaled to HE-LHC length S.Arsenyev et al., “Traveling wave method for simulating
. . geometric beam coupling impedance of a beam screen
— No pumping holes (shielded by the beam screen) with pumping holes”, PRAB 22, 051002, 2019

e Warm beam screen

e Collimators
— Assume the HL-LHC collimation layout
— Primary (TCP) and secondary (TCSG) collimators in IR7 are MoGr with a Mo coating
— The gaps are scaled with energy and normalized emittance

e QOther elements

— RF, ATLAS, CMS, ALICE, LHCb: broad-band impedance and resonant modes from RF cavities and
experiments vacuum chambers

— Other broad-band: recombination chambers, shielded bellows...

* HL-LHC injection or flat-top optics

* Crab cavities are not included: could have significant S.A.Antipov et al., “Effect of crab cavity high order modes on
. . e the coupled-bunch stability of High-Luminosity Large Hadron
impact for multi-bunch stability Collider”, PRAB 22, 054401, 2019
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Cases studied for injection energy

Old (Dec. 2017) and New (Dec. 2018) gaps in 0,,;

' |450GeV option 1.3 TeV option  |HL-LHC Inj. 450 GeV
Old New Old New

Reference emittance 2.5um 2.5um 2.5um
Primary colls 50 570 5706 9.70¢ 6.70
Secondary colls 6o 6.7G 6.7 1l4oc 7906

Injection protection 7.3 c 8o 8o 13.6c 950
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Impedance at 450 GeV injection energy
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e At 450 GeV, beam screen and collimators are the main contributors

* Slight (¥5% in the 100 kHz - 10 MHz range) impedance reduction thanks to the
larger collimators physical gaps
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Impedance at 1.3 TeV injection energy
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* Collimators contribution dominate the frequency range of interest

* Visible impedance reduction thanks to the larger collimators physical gaps:
~30% in the 100 kHz - 10 MHz range
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Contributors at injection energy: 450 GeV
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* Collimators and beam screen are the main contributors to the impedance

2019-06-25 HE-LHC impedance and stability



Contributors at injection energy: 1.3 TeV
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* The new collimator gaps reduce the total impedance
* Collimators still represent the largest share of the impedance
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Contributors at injection energy: 1.3 TeV
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* The new collimator gaps reduce the total impedance
* Collimators still represent the largest share of the impedance
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Case studied

| 0d | New _HLLHC7TeV

Reference emittance 2.5 um 2.5um 2.5um
Primary colls 6.70 6.76
Secondary colls 9.1c 910
Dump protection 6.50 10.1c 960

* New gaps have similar configuration to HL-LHC
(LHC 2018 with 10 retraction) were used as

— Showcased an ultimate scenario
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Impedance at top energy
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e Crab cavities not included in the HE-LHC model

* Significant impedance reduction thanks to the larger collimators gaps
— In the horizontal plane: impedance reduced by a factor ~1.8 in the 100 kHz - 10 MHz range
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Contributors at top energy
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* Collimators contribution dominate the whole frequency range
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Beam stability simulations

* Check if there are constraints from the beam stability point of view

e Recommend parameters settings for the machine
— Chromaticity
— Damper gain
— Octupole current

* Only the impedance is considered
— No space charge
— No electron cloud
— No beam-beam

2019-06-25 HE-LHC impedance and stability



Machine and beam parameters

 HE-LHC CDR and Hi-Lumi beam parameters (tunes, bunch length, emittance)
* Hi-Lumi optics and Landau octupole magnets type were used

DELPHI code page: DELPHI

e Stability simulations made with NHT Vlasov Solver and DELPHI
NHTVS code description:

— Single-bunch and coupled-bunch simulations A.Burov, PRAB 17, 021007, 2014

e Scan over different parameters

— Chromaticity: Q' =-20..+ 20
— Damper gain: g = 0.1 cturn™1
— Intensity: N, =0 ..10-10" ppb

* Given a stability diagram and assuming the modes are uncoupled, the octupole
current can be computed

2019-06-25 HE-LHC impedance and stability


https://twiki.cern.ch/twiki/bin/view/ABPComputing/DELPHI
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Injection energy

450 GeV: 2.2 - 101 ppb, 2748b

Im Aw/wg

25 turn

1.3 TeV: 2.2 - 10 ppb, 2748b

‘Im Awlwg

/

7

Yos5 100 turn

50 turn

* 450 GeV option still requires 50 turns gain (with tight margin)

2019-06-25

Damper gain: g = damping rate / o,

1.3 TeV option now requires 100 turns gain (was 75 turns with old gaps)
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Single bunch TMCI

450 GeV, Q’=0, no damper 1.3 TeV GeV, Q'=0, no damper
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* Instability threshold can be lower in coupled bunch regime (as much as 50% for the 450GeV case,
see |ast year presentation)
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https://indico.cern.ch/event/656491/contributions/2925418/

In multibunch, octupole current are still negligible

1.3 TeV: 2.2x10'1 ppb, 2748 b, 2.0 um

loct (A)

100~

450 GeV: 2.2x10'! ppb, 2748 b, 2.0 um
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€,=2.0um, c,=9.0cm, |, <0, Gaussian

oct

Octupole current needed to stabilize the beam at injection is small if sufficient damper gain

However the

can be important

HE-LHC impedance and stability

Damper gain: g = damping rate / o,
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Growth-rates are reduced

New gaps
Old gaps
Im Aw/ws
1¢
Im w/ws 5 T
0.020 5 :
-_ \ — 100 turn
- 10.100+
0.015} — 50 tum ; — 50 turn
I \\ — 25 tum . 200 turns
0.010} : __ —100tum
': 100 turns 0.010¢ — 200 turn
0.005} ' — No damper
S > ¢ 0.001;
-20 -10 0 10 20 5
. 1 . . . . 1 . . . . 1 . . . . 1 Q'
5 10 15 20

* Growth-rates are slightly reduced compared to previous model
— For Q’~10, 100turns damper: Im(Aw/ws)~5- 1073 =2 Im(Aw/ws)~2 - 1073
* Will help with instability damping
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Landau damping

* Octupoles become less efficient for Landau damping at high energies

2019-06-25

— Octupole tune spread o« 1/y?

— Long range beam-beam might have a detrimental effect on Stability Diagram

* Effect is considerable for some Hi-Lumi operational scenarios: see for example X.Buffat, 7th HL-

LHC Meeting, Madrid, 2017
* Not consider it in this talk

€,=2.0um, c,=9.0cm, |, <0, Gaussian

? 'oct

IBnO%wfws
o — 2000 A

« 50turns, Q'=10

0 'fe Aw/wq

HE-LHC impedance and stability

Old gaps required ~2000A of
Hi-Lumi octupoles to stabilize the beam



Old gaps: ~2000 A of octupole required

* Reminder: HL-LHC type octupoles are considered

* Optics can help provide more detuning
— See ATS optic in Hi-Lumi for instance

€,=2.0um,c,=9.0cm, |, <0, Gaussian

oct

— 100 turn
— 50 turn
— 25 turn
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New gaps: ~1500 A of octupole required

* Impedance reduction helps to Landau damp the modes

5000
—— Damper 100 turns
Most unstable CB modes P
5 2%1011 b 2748 b 2.0 ——— Damper 50 turns
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Chromaticity Q’
Alternative methods may be required:
* Gaussian Electron Lens V. Shiltsey, et al., Phys. Rev. Lett. 119, 134802, 2017
* RFQ M. Schenk, et al., IPAC’17, Copenhagen, 2017
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Conclusions

HE-LHC impedance model updated with CDR parameters

— All contributors included, for the

— The FCC-hh beam screen was used
e At 1.3TeVinjection and 13.5TeV top energy, impedance is dominated by the collimators

* Impedance was reduced in all scenarios thanks to larger collimator gaps

— Smaller impact at 450 GeV
— Visible reduction at 1.3 TeVV and 13.5TeV

* The stability estimates include impedance effects only

* Forallinjection energy options the beam is stable for a damper gain of 50-100 turns
— Impedance reduction mainly helped for the 1.3 TeV scenario
—  Still small octupole currents needed for stabilization (~10 A or below)
— The 450 GeV option has less margin in intensity threshold and damper gain

e Top energy still challenging for beam stability

— Impedance reduction significantly helped: 2800-A - 1500 A
— Still assuming the Hi-Lumi optics

* The impedance models are available at https://gitlab.cern.ch/IRIS/HLLHC_IW_model
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Thank you for your attention!
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Backup
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New model: impedance at 450 GeV

HE-LHC injection 450GeV old gaps
_ HE-LHC injection 450GeV new gaps
" Rl ———— HL-LHC injection
102_
£
~~
S
= 101_
2
5
>
N
10()_
1071 \ ‘ ‘ ‘ . ;
103 104 10° 106 107 108 10° 1010
Frequency [Hz]
103
HE-LHC injection 450GeV old gaps
HE-LHC injection 450GeV new gaps
HL-LHC injection
102_"-._‘_-__-
g1 N
~
S
= 101,
=
- 2 N N L
>_‘ ———————
N
10(),
107! : : : : . :
103 104 10° 106 107 108 10° 1010

Frequency [Hz]

2019-06-25 HE-LHC impedance and stability



New model: impedance at 1.3 TeV
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New model: impedance at top energy

HE-LHC flat-top old gaps
| HE-LHC flat-top new gaps
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Impedance at injection energy: HL-LHC

Re(Z,) Im(Zy)

100 100

80 80

60 60

Tapers-triplets
BPM-triplets
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Other-BB g
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0 = 0 .
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* Collimators are the main contributors to the impedance
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Beam and optics parameters

HE-LHC HL-LHC

Beam energy 450, 1300 GeV 13.5TeV 7.0 TeV

Bunch intensity 2.2x10% ppb 2.2x10% ppb 2.3x10% ppb 2.3x10 ppb
Number of bunches 2748 2748 2760 2760

Tunes: X, y, s 0.31,0.32, 0.006 0.31,0.32,0.0015 0.31, 0.32, 0.005 0.31,0.32, 0.002
Norm. emit., rms 2 um 2 um 2.1 pm 2.1 pum

Bunch length, rms 9cm 9cm 9cm 9cm
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Collimator gaps at 450 GeV injection

* Summary of collimator gaps, in g,,;; (left) and in mm (right)
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Half gap [mm]



Collimator gaps at 1.3 TeV injection

* Summary of collimator gaps, in g,,;; (left) and in mm (right)

TDI.4L2.B1.3b -
TDI.4L2.B1.3a -
TDI.4L2.B1.2 -
TDI.4L2.B1.1 -
TCTV.6L5.81 -
TCTV.6L1.B1 -
TCTPV.4L8.B1 -
TCTPV.4L5.B1 -
TCTPV.4L2.B1 -
TCTPV.4L1.B1 -
TCTPH.4L8.E1 -
TCTPH.4L5.B1 -
TCTPH.4L2.B1 -
TCTPH.4L1.B1 -
TCTH.6L5.B1 -
TCTH.6LL.B1 -
TCSP.A4RG.B1 -
TC5G.ESR7.B1
TC5G.DSR7.B1
TC5G.D4L7.B1
TC5G.B5R7.B1
TC5G.B5R3.B1
TCSG.B5L7.B1
TC5G.B4L7.B1
TC5G.AGBLT.B1
TCSG.ASR3BL
TC5G.ASLT.B1
TC5G.A4RT.B1
TC5G.A4L7.B1
TC5G.BRT.B1
TC5G.5L3.81
TC5G.4R3.E1
TCP.DEL7.B1
TCP.C6L7.B1
TCP.BGL7.B1
TCP.6L3.B1
TCLX.4R5.B1
TCLX 4R1.B1
TCLIB.6R2.B1
TCLIA 4RZ
TCLADERT.B1
TCLA.CERT.B1
TCLABERT.B1
TCLAB5R3.B1
TCLAATR7.B1
TCLAABRT.B1
TCLAASR3.B1
TCLA.TR3.B1
TCLAGR3.B1
TCL6RS5.B1
TCL6R1.B1
TCL5RS5.B1
TCLSR1.B1
TCDOQA.C4RE6.B -
TCDQA.B4RE.B -
TCDOA A4RE.B -

MName

=]
=}

2019-06-25

[X]
[

5.0

Red: old gaps
Blue: new gaps

MName

Physical gaps scale as %

For HL-LHC, &,, = 2.5um
For HE-LHC, &,, = 2.5um

HE-LHC impedance and stability

TDL4L2.B1.3b
TD1L4L2.B1.3a
TDL4L2.B1.2
TD1L4L2.B1.1
TCTV.6L5.B1
TCTV.6L1.B1
TCTPV . 4L8.B1
TCTPV.4L5.B1
TCTPV.4L2.B1
TCTPV.4L1.B1
TCTPH 4L5.B1
TCTPH 4L5.61
TCTPH 4LZ.B1
TCTPH 4L1.B1
TCTH.6L5.61
TCTH.6L1.B1
TC5P.A4RG.E1
TC5G.ESR7.B1
TC5G.D5SRT.BL
TC5G.D4L7 Bl
TC5G.B5R7.B1
TC5G.B5R3.B1
TC5G.B5L7.B1
TC5G.B4L7.B1
TC5G.AGBLT.BL
TCSG.ASR3.B1
TC5G.ASLT.BL
TC5G.A4RT.BL
TC5G.A4L7 Bl
TC5G.6RT7.E1
TC5G.5L3.B1
TC5G.4R3.BL
TCP.DEL7.B1
TCP.CEL7.B1
TCP.BELT.B1
TCP.6L3.B1
TCLX.4R5.B1
TCLX.4R1.B1
TCLIB.6R2.B1
TCLIA 4R2
TCLA.DG6RT7.B1
TCLA.CGR7.B1
TCLABGRT.B1
TCLABSR3B1
TCLAATR7.B1
TCLA AGRT.B1
TCLA ASR3.B1
TCLATR3.B1
TCLAGR3.B1
TCL6R5.B1
TCLeR1.B1
TCL 5R5.B1
TCL5R1.B1
TCODQA.CARG.B -
TCDOQA B4RG B -
TCDOA A4RG B -

=
(%]
-

& B 10 12 14
Half gap [mm]




Collimator gaps at top energy

* Summary of collimator gaps, in g,,;; (left) and in mm (right)

TDOL4L2.B1l.3b -

e 1 412 81 30 -
oleLeBLa- T%Tfuaéfz :—
DleLe Bl 01412 81 1 -

TCSG.ESR7.BI - TESG.ESHT.EI-—

TC5G.DS5RT7.BL - TCSG.O5R7.EL —

Tc56.D4L7.51 - Tose.0aL7 61 -

1c56.65R7.51 - Tc56 6577 51 -

Tcsc.65R3.61 - 156 8573 61 -

Te56 6517 61 - — T056.8507 51 -

1056 6417 51 - — 1c56.5417.61 -

Tc56.A6L7 51 - — 1056461751 -

tesi.A5e3.61 - tcsc.+se3.51 -

1cse.asL7.61 - — 1c56.4507.61 - —

1esG.a4r 761 - | — 1esG.44r7.61 -

105641751 - —— Red: old gaps 056 et 51 - —

Te56.687.51 - I —— 1056.687.51 - —

¢ Tesc.si3 51 - Blue: new gaps ¢ Teseses sl -
3 wese.4rs 61 - 5 Tcsc.4rssl -
tcp.o6L7.61 - tcp.o6L7.61 -
1cp.co17.51 - —— 1cp.coL7.61 -
1cp.6617.51 - —— 1cp goc7 61 -
tcr 603 21 - Tep.613.61 -
rus.erz 51 - tcue.srz 61 -,
TeLia 422 - B e ———
TcL4 D6r7.51 - TcLa.06R7 51 -
TLa cor7.51 - . &n B il —
TeLA B6R7.51 - Physical gaps scaleas [— TcLa 86R7 51 -
L5543, 5.1 - E i |
TeLa.A7A 7.5 - ToLaazez.oL -
eLa. 46 751 - ToLaAcR7.L
TCLA ASA3.51 - For HL-LHC, &, = 2.5um “;’::ii:;i_
TeLA 78351 - ]
——————————————————————————————— For HE-LHC, &, = 2.5um oan e o S ——

TCDOA B4RE.B — 1coaa.aare.o -

TCDA A4, - e : : é é ; g

D_
=]
s
o -
[=:]
5-

Half gap [mm]
Number of o aap
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Old gaps: single bunch vs. Coupled bunch instability threshold

Coupled-bunch: the intensity threshold is

. . 11
Single bunch case: TMCI around 7x10** p two times lower

Im Aw/ wy 450 GeV, €=0 Im Aw/ws 450 GeV, 50 turn damper
0.15¢ [

L 0.8¢

_ no damper - £=-5

- — resistive, 100 turns 06l 0
0.10: — resistive, 50 turns ' I — ¢

: 04l — 7 >
0.05 - —¢=10

0.2}
............ 11
2 4 0o 2 4 6 8 1010

Destabilizing effect of the resistive damper
See E. Métral, IPAC18, Vancouver, 04/2018

* Instability threshold is much lower in coupled bunch regime
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Old gaps: octupole current at injection

Octupole stability diagram for 1300 Gev:  Octupole threshold is lower than 10 A,

€2 = 2.0 pm, o, = 9.0 cm, I, < 0, Gaussian provided sufficient damper gain
Im(Aw/ ws) 1300 GeV
0.0008! e
0.000 100 ’
lo 507
0.0004 t 0.0
0.00
1A
004 -002 000 0.02 0.04  Re(Aw/w) 20

* The octupole current needed to stabilize the beam at injection is small
* However the can be important

2018-04-12 HE-LHC impedance model and stability



Old gaps: growth-rates at

top energy

13.5 TeV, 2.2 - 101 ppb, 2748 bunches
Im Awl/ws - ob’%" fws
0'3 E-;’_\._ |
4 .‘ 0.015
0.2°F ,'
t
0.1; /| 0.010
¢ 0
0.0°
- 100 turn 0095
50turn DR | NP L .lf
-20 -10 10 20

* Will help with instability damping

2019-06-25

HE-LHC impedance and stability

Growth-rates are slightly reduced compared to previous model




Electron lens

* An electron lens might help stabilizing the beam at the
top energy

* Gaussian electron lens is efficient Landau damping

E-lens tune shift scales as 1/y vs for 1/y? octupoles

Most unstable CB modes

Im Aw/wsg
0.04

_04

— 2000 A
« 50turns, Q'=10

202 00

: -U'fe Awlw,

0.2

Impact on DA has to be carefully studied

2019-06-25

Gaussian electron lens

Parameters of the HL-LHC halo-cleaning

0.2

0.15¢

S

Im A / @

—1A

—05A
——025A

C. Tambasco, et al., EuroCirCol, CERN, 2017
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Electron lens parameters

Table 1: Parameters of a Gaussian electron lens for Landau damping in the HE-LHC at
the top energy
Parameter (Constraint) Value Comment
Current density < 2-10 Alcny Present technology limit
Electron current <1A HL-LHC E-Lens: upto 5
Electron beam length 3m
Electron energy 10 kv
Max field ratio Bm/Bg <40T/0.2T=20 HL-LHC E-Lens design
Electron beam size 0.4-2.0mm
Beta-function 240 m 40 m downstream IP-4
Proton beam energy 13.5 TeV
Norm. emittance 2.0 um
Proton beam size 0.18 mm
Transverse distribution Gaussian

2019-06-25 HE-LHC impedance and stability



Impedance model: assumptions

In LHC, IR7 collimators are the main contributors to the impedance budget

Primary (TCP) and secondary (TCSG) collimators in IR7
— MoGr bulk, 25mm thickness, resistivity p = 1-107° Q- m
— Mo coating, 5um thickness, resistivity p = 5.3-1078 Q- m

Current LHC: CFC (carbon fiber reinforced carbon), 25mm thickness,
resistivity p =5-107° Q- m

The gaps are scaled with energy and normalized emittance

2019-06-25 HE-LHC impedance and stability



IR7 collimators are the main contributors to the LHC impedance

Impedance of LHC collimators has to be reduced
for the Hi-Lumi upgrade

Octupole current close to threshold 400 &ontributions Dominant component is the
collimator impedance
600 T—————T 350
-
o] 2T0A 3001 11 secondaries in IR-7 - 200 A
950 * To be upgraded
400 = * 4to bereplaced during LS 2
< = 2007
;g 300 =~ 4 primaries - 100 A
9200- 107 e To be upgraded”
1001 * 2to be replaced during LS 2
100
50 1 All other collimators - 70 A
0- i - 04 Everything else -< 10 A
RN o
O * 2 approved at the moment ‘

15/11/2017 5. ANTIPOV, 7TH HL-LHC COLLABORATION MEETING 5

S.Antipov, 7t" HL-LHC collaboration meeting, Madrid, 2017
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