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@‘ IPAC 2018 prize for Alex Chao:
| had the pleasure to be there and listen to him

Robert R. Wilson Prize for Achievement

The Robert R. Wilson Prize for Achievement recognizes and encourages outstanding achievement in the physics of particle
accelerators.

Recipient

Alexander Wu Chao
SLAC National Accelerator Laboratory

"for insightful, fundamental and broad-ranging contributions to accelerator physics, including
polarization, beam-beam effects, nonlinear dynamics, and|collective instabilities] for tireless
community leadership and for inspiring and educating generations of accelerator physicists."

E. Métral, Alex Chao Symposium, SLAC, CA, USA, 25/10/2019
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@‘ On-line book (371 pages):
Zoi

http://www.slac.stanford.edu/~achao/wileybook.html

Frontmatter pdf

Chapter 1 Introduction pdf

[ WILEY SERIES IN BEAM PHYSICS
UIIU AND ACCELERATOR TECHNOLOGY

Chapter 2 Wake Fields and Impedances pdf

PHYSICS OF COLLECTIVE crere e
BEAM INSTABILITIES Chapter 3 Instabilities in Linear Accelerators pdf
IN HIGH ENERGY

ACCELERATORS

Chapter 4 Macroparticle Models pdf
Chapter 5 Landau Damping pdf
Chapter 6 Perturbation Formalism pdf

ALEXANDER w& i Index pif

Errata pdf pdf2
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@]l “The Chao” bible came perfectly on time for
me (1993): | started my PHD in 1996...
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@]l “The Chao” bible came perfectly on time for
me (1993): | started my PHD in 1996...

¢ | spent my first few
months reading and re-

deriving it (with cgs units!)

¢ Another complementary approach is
e.g. from J.L. Laclare (CAS-1985)

E. Métral, Alex Chao Symposium, SLAC, CA, USA, 25/10/2019



= My PHD supervisor: D. Méhl
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My PHD supervisor: D. Mohl

COLLECTIVE EFFECTS IN THE LHC
AND ITS INJECTOR COMPLEX

Elias Métral (Invited talk, THYB03, 25 + 5 min, 26 slides)

Dedicated to Dieter Mohl (my PHD thesis director)
who passed away last night Many thanks for all!

Introduction and main challenges
Best results so far and main limitations from collective effects
LHC INJECTORS: LINAC2 (4), PSB, PS, SPS IR N (; MR 3]
Some (nice) pictures
Conclusion and outlook

APPENDIX: Some (more) pictures and resuits

2, New Orleans JSA. 2122

E. Métral, Alex Chao Symposium, SLAC, CA, USA, 25/10/2019
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COLLECTIVE EFFECTS IN THE LHC
AND ITS INJECTOR COMPLEX

Elias Métral (Invited talk, THYB03, 25 + 5 min, 26 slides)

Dedicated to Dieter Mohl (my PHD thesis director)
who passed away last night Many thanks for all!

Introduction and main challenges
Best results so far and main limitations from collective effects
= LHC INJECTORS: LINAC2 (4), PSB, PS, SPS IRV X (s M 115
Some (nice) pictures
+ Conclusion and outlook

» APPENDIX: Some (more) pictures and resulits

Elias Métral, IPAC2012, New Orleans, Louisiana, USA. 21-25/052012

See Chao’s footnote p. 263 (1971)
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& My PHD supervisor: D. Mohl

COLLECTIVE EFFECTS IN THE LHC
AND ITS INJECTOR COMPLEX

Elias Métral (Invited talk, THYB03, 25 + 5 min, 26 slides)

Dedicated to Dieter Mohl (my PHD thesis director)
who passed away last night Many thanks for all!

+ Introduction and main challenges
+ Best results so far and main limitations from collective effects
* LHC INJECTORS: LINAC2 (4), PSB, PS, SPS LD CUPN | T MCE] (o107
» Some (nice) pictures
+ Conclusion and outlook

¢ APPENDIX: Some (more) pictures and results

Elias Métral, IPAC2012, New Orleans, Louisiana, USA. 21-25/052012

Beam Transfer
Function (BTF)

See Chao’s footnote p. 263 (1971)

E. Métral, Alex Chao Symposium, SLAC, CA, USA, 25/10/2019




@N A.M. Sessler and V.G. Vaccaro

pipe as shown in Figure 2.1(a) and (c). The Fourier transform of the wake
function is called the impedance. The idea of representing the accelerator
environment by an impedance was introduced by Sessler and Vaccaro.'® 1967




@)

A.M. Sessler and V.G. Vaccaro

pipe as shown in Figure 2.1(a) and (c). The Fourier transform of the wake
function is called the impedance. The idea of representing the accelerator
environment by an impedance was introduced by Sessler and Vaccaro.'® 1967

Overview
Motivation

Scientific programme and
timeline

International Advisory
Committee (IAC)

List of items to be
discussed

Contacts

List of participants
Timetable

Erice - Get there
Excursions
Application form
Flyer

Picture of the workshop

A ¢ @cern.ct

—

Q00412

ICFA mini-Workshop on “Electromagnetic wake fields and impedances in particle

accelerators” to be held in Erice, Sicily, in 2014 from April 24th to April 28th. The
Workshop will be hosted by "ETTORE MAJORANA FOUNDATION AND CENTRE FOR
SCIENTIFIC CULTURE".

THE ROOTS OF WESTERN CIVILIZATION

kY e -

(1928-2014)

A. Sessler passed away
just before the workshop
(17/04/2014)

N

Impedance workshop, Erice, Sicily, 24-28/04/2014



IPAC19 prize for V.G. Vaccaro

The m Jtlalm Prize for outstanding work in the acceleratorfleld with no
age limi

Prof. Vittorio Giorgio VACCARO

‘For his pioneering studies on instabilities in particle beam physics, the
introduction of the impedance concept in storage rings and, in the course
of his academic career, for disseminating knowledge in accelerator physics
throughout many generations of young scientists.”

E. Métral, IPAC'19, Melbourne, Australia, 23/05/2019

Just few
words on
him, as he
could not
join us...

E. Métral

E. Métral, Alex Chao Symposium, SLAC, CA, USA, 25/10/2019

See also https://ipac2019.vrws.de/talks/thapim?2_talk.pdf



Beam screen tube (Stainless-Steel: SS)
Copper coating

LHC
collimators

Longitudinal weld
Pumping slots

B1
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TCSG.4R3

IP3
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Beam screen tube (Stainless-Steel: SS)
Copper coating

LHC
collimators

B2

TCP.D6LT
6L

Longitudinal weld
Pumping slots

TCPB6L7
TCSG.ABLT
TCSG.B5LT
TCSG.ASLT

TCSG.DALT

B1

TCLA6R3
TCLA.B5R3
TCLA.ASR3
TCSG.BSR3
TCPERS TCSG.ASRS Tesepar TCSGBILY
TCSG.5R3 g TCSGA4LT
TCSG.4R3 TCSGA4LT
IP3 IP7
TCSG.4L3
TCSG.ASL3 TesaseRT
TCSG.B5L3 TCSG.D4R7 TCSG.D5R7
TCLAASL3 TCSG.ASR7 TCSG.ESRT
TOLAB5L3 TCSG.B5R7 TCSGER?
TCLA6L3 TCSG.A6RT TCLAAGR?
TCLATL3 - TCLAB6R?
CLA.C6R7
TCLAD6R7
TCLAATR?
o
Vo

E. Métral, Alex Chao Symposium, SLAC, CA, USA, 25/10/2019
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Example of the LHC “wall impedance”

Beam screen tube (Stainless-Steel: SS)

Copper coating

Longitudinal weld
Pumping slots

TCPB6L7
TCSG.ABLT

TCLABR3
TCSG.B5LT

TCLA.BS5R3

TCSG.ASLT

TCLAASR3

P TCSG.BSR3

TCSG.5R3 TCSG.ASR3
TCSG.4R3

TCSG.DALT
TCSG.BALT
TCSG.AALT

TCSG.4L3
TCSG.ASL3

TCSG.AIRT

TCSG.B5L3 TCSG.D4RT %2232?;
TCLAASL3 TCSG.ASR7 TCSG.E5R7
TCLABSL3 TCSG.B5R7 TCSGER?

TCLA6L3 ' N TCSG.AER7
TCLA.ABR7
TCLATL3 TCPB TOLABBRY

=> In the LHC, the collimators are closed during acceleration and the (R [t

impedance becomes much bigger at high energy... and Landau N 5/ o,

damping from octupoles less effective due to the smaller transverse ALICE

beam size...

E. Métral, Alex Chao Symposium, SLAC, CA, USA, 25/10/2019



@] Example of the LHC “wall impedance”

¢ Despite the fact that the impedance is more than 50 years old, a
lot of work has been done, in the last 2 decades, on 5 aspects
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@] Example of the LHC “wall impedance”

¢ Despite the fact that the impedance is more than 50 years old, a
lot of work has been done, in the last 2 decades, on 5 aspects

= Effect of the frequency => 3 frequency regimes of the “wall impedance”
= Effect of the finite length

= Effect of the detuning impedance in non axi-symmetric structures and
generalisation of the Yokoya form factors

= Effect of the relativistic velocity factor

= Effect of the number of layers and coatings

E. Métral, Alex Chao Symposium, SLAC, CA, USA, 25/10/2019



&N Example of the LHC “wall impedance”
Assuming a 1 m long ¢
round beam pipe max,Re =~
—-0)= 0 | A7/ == == om om o o = = e . =
Zy(f 0) 5 7 b’ 107, b=2mm
-, -

= 10%
<} When Re = Im
N 1000 => Classical thick-wall

10/ b =20 mm

Copper: p =17 nQm,

regime

A
Zy( f )=(1+ J)Tobg(SSkinDepth( f)

100

105 108
f[Hz]




Example of the LHC “wall impedance”

&)

Stainless steel beam pipe with 20 mm
radius and 10 um copper coating
(room temp.)

10 T |
Re]
Im
1 4
© 050" : : 1
®
(4
0.10- :
0.05- ]
0.01 ! ! !
100 105 108
f [Hz]

Ratio = Zy(\.Nlth coatln_g)
Z,, (without coating )




@ Example of the LHC “wall impedance”

Stainless steel beam pipe with 20 mm Graphite beam pipe with 2 mm radius

radius and 10 um copper coating and 10 um copper coating (room
(room temp.) temp.)
10 R 10
e] 5
Im
1 3 1
0 050" 1|0 0.50"
5 : : 3
14 14
0.10- 3 0.10-
0.05 1 0.05
0.01 100 105 108 0.01 100 105 108
f [Hz] f [Hz]

Z, (with coating )

Ratio = : i
Z,, (without coating )




&N Example of the LHC “wall impedance”

T )

Stainless steel beam pipe with 20 mm Graphite beam pipe with 2 mm radius Copper (room temp.) beam pipe with

radius and 10 um copper coating and 10 um copper coating (room 20 mm radius and 10 ym graphite
(room temp.) temp.) coating
10 10
Re] 5 Re
Im 20- Im
10
2
€ 5
0.05 | 0.5 2
0.01 ‘ ‘ ‘ 0.01 ‘ ‘ ‘ 1 ‘ ‘ ‘
100 10° 108 100 105 108 100 105 108
f [Hz] f[Hz] f[Hz]

Z, (with coating )

Ratio = : i
Z,, (without coating )




ol Wake field accelerators

As |z| increases, W' and W_ may change signs and the wake forces
become beneficial. In particular, W may become negative at some finite

distance behind the head of the beam. Therefore, if one injects two beam
bunches into the accelerator and if the separation of the two bunches is

chosen strategically, the trailing bunch can be accelerated by the wake field
of the leading bunch. This leads to the idea of wake field accelerators. We will
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@ 1st talk from MCBI 2019 by M. Migliorati
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- Impedance-induced

coherent instabilities




Beam Break-Up instability in linacs
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Beam Break-Up instability in linacs




@] Instabilities in circular machines
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Instabilities in circular machines

<x>[a.u.]

LHC, single bunch, horizontal

Time [s]

Amplitude [dB] Amplitude [dB]
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=20~

In|frequency domain
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Instabilities in circular machines

PS, single bunch, vertical

PS, single bunch, horizontal

Time [x 0.125 ns]

2, AR, AV signals

Head stable

~700 MHz

Tail unstable

Time (10 ns/div)

E. Métral, Alex Chao Symposium, SLAC, CA, USA, 25/10/2019
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Instabilities in circular machines

profile (norm.)

stable bunch

SPS, single bunch, longitudinal

dipole osc.

0.5

quadrupole osc.

:«.‘iCourtesyof G. Papotti

E. Métral, Alex Chao Symposium, SLAC, CA, USA, 25/10/2019




F. Sacherer and the mode analysis
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@ F. Sacherer and the mode analysis

TMCI

(Transverse Mode-
Coupling Instability)

E. Métral, Alex Chao Symposium, SLAC, CA, USA, 25/10/2019



F. Sacherer and the mode analysis

E. Métral, Alex Chao Symposium, SLAC, CA, USA, 25/10/2019




F. Sacherer and the mode analysis

a £ CLIMBING GEAR GUIDE
"R e e E COMPARE GEAR HERE
| Search | Read the Latest Review!

LOGIN | REGISTER | NEWSLETTER SIGNUP

TNB:UNPLANNED BIVIES

TNB: Forgotten Herc

By Duane Raleigh

Frank Sacherer 1940-1978
Pour en savoir plus EITAT

Search Wikipedia for “Frank Sacherer," and you'll find ...
nothing, at least not in English. Google him and the first
listing is often “Find a Grave," which tells you that he
was born in 1940, was a theoretical physicist and a
Yosemite rock climber who died in a mountaineering
. accident. You will also read that his death was a
CALSSEDEPARGNE “grievous loss" to CERN, the organization that operates
LA BANQUE. NOUVELLE DEFINITION. the Large Hadron Collider, a 27-kilometer-long ring that
can smash atoms together at near light speed and
recently discovered the so-called “God Particle," the
sub-atomic bit that is said to hold the physical fabric of
TNB BLOG the universe together.

Frank Sacherer was one of the fathers of free
climbing. Photo by Glen Denny.

« TNB: Silly Places We've Slept: Tales of
Unplanned Bivies

Most climbers, if they have heard of Sacherer at all,
know him only as the first ascentionist of Sacherer

+ TNB: Forgotten Hero - Frank Sacherer Cracker, a stout 5.10 that goes from fingers to offwidth
1940-1978 at the base of El Cap. But even to most of those people, Sacherer is simply part of a route name, like the
« TNB: The World-Class Weekend Warrior Salathé of Steck/Salathé. Who he was, and his impact on climbing is largely unknown.

=Martin Kellar Climha V18




Exam ples of TMCI & LMCI - viasov solvers GALACTIC and GALACLIC
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TIC (BB Resonator, f,.t, = 2.8)

Results in black are from Laclare (only real parts)
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TIC (BB Resonator, f,.t, = 2.8)

_ Im[Z,(0)] eI,
N 4y myc QuoB ws

Q=0
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E@‘ Exam ples of TMCI & LMCI - viasov solvers GALACTIC and GALACLIC

TIC (BB Resonator, f,7;, = 2.8) LIC (similar BBR) without PWD
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Results in black are from Laclare (only real parts)
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E@‘ Exam ples of TMCI & LMCI - viasov solvers GALACTIC and GALACLIC

TIC (BB Resonator, f,7;, = 2.8) LIC (similar BBR) without PWD

@,

" w2 B3V, hcos ¢

Results in black are from Laclare (only real parts)
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E@‘ Exam ples of TMCI & LMCI - viasov solvers GALACTIC and GALACLIC

TIC (BB Resonator, f,7;, = 2.8) LIC (similar BBR) without PWD LIC (similar BBR) with PWD

@ O

With simplest model
of PWD (Potential-Well
Distortion)

Results in black are from Laclare (only real parts)
E. Métral, Alex Chao Symposium, SLAC, CA, USA, 25/10/2019



@ Examp|eS Of TMCI & LMCI => Comparison with tracking codes
PyHEADTAIL¢,z, =27 SBSC,1, =2.7)

Q =0

PyHEADTAIL and SBSC tracking simulations
from M. Migliorati (with new mode analysis)
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@ Exam ples Of TMCI & LMCI => Comparison with tracking codes

PYyHEADTAIL .z, =2.7 SBSCf,r, =2.7)
vs. GALACTIC (in black vs. GALACLIC (in black)

Q' =0 With simplest model
of PWD (Potential-Well
Distortion)

coupling among azimuthal modes must be considered. Such a phenomenon,
referred to as “mode coupling,”’?’ “mode mixing,” or “turbulence” in the

literature, can lead to instabilities other than the Robinson type.

PyHEADTAIL and SBSC tracking simulations
from M. Migliorati (with new mode analysis)
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Exam ples Of TMCI & LM CI => Comparison with tracking codes

PYHEADTAIL,z, = 2.7)
vs. GALACTIC (in black)

SBSCf,z, =2.7)
vs. GALACLIC (in black)

Longitudinal
“microwave instability

”

Bunch lengthening
due to PWD (Potential-
Well Distortion)

PyHEADTAIL and SBSC tracking simulations
from M. Migliorati (with new mode analysis)

E. Métral, Alex Chao Symposium, SLAC, CA, USA, 25/10/2019




@ Neither TMCI nor LMCI w/o real part of impedance
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Neither TMCI nor LMCI w/o real part of impedance
GALACTIC with constant inductive impedance

Results in black are from
Laclare (only real parts)

E. Métral, Alex Chao Symposium, SLAC, CA, USA, 25/10/2019



@ Signals observed at Pick-Up electrodes
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@] Signals observed at Pick-Up electrodes

Transverse: low-intensity with constant inductive impedance
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Signals observed at Pick-Up electrodes

Transverse: low-intensity with constant inductive impedance
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Signals observed at Pick-Up electrodes

Transverse: low-intensity with constant inductive impedance -
_b
a00 (017 704
E, 2

/ f§x=_ xOfO
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y T, 0,=x.13
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SOANREF \Y/ 4 /A" 4 J
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@] Signals observed at Pick-Up electrodes

Longitudinal: low-intensity with constant inductive impedance

E. Métral, Alex Chao Symposium, SLAC, CA, USA, 25/10/2019



@ Signals observed at Pick-Up electrodes

Longitudinal: low-intensity with constant inductive impedance
o1 013 022




@] Signals observed at Pick-Up electrodes

Transverse: high-intensity
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Transverse:

Signals observed at Pick-Up electrodes
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Transverse:

Signals observed at Pick-Up electrodes
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@‘ 50-page article for a special edition of IEEE
Transactions on Nuclear Science for the 50t
anniversary of the PAC conference (originally

launched by IEEE in 1965)
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@ 50-page article for a special edition of IEEE
Transactions on Nuclear Science for the 50t
anniversary of the PAC conference (originally

launched by IEEE in 1965)

Invitation from
Y.H. Chin

Out of 293
‘é\/

[1] A. W. Chao, Physics of Collective Beam Instabilities in High Energy
Accelerators. New York: Wiley, 1993, p. 371 [Online]. Available:
http://books.google.fr/books?1d=MjRoQgAACAATJ.
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New kinds of
Instabilities: 2 examples



@ “ISR instability” (due to resistive Transverse Dampers)
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@‘ “ISR instability” (due to resistive Transverse Dampers)

Long-bunch regime: ~ CERN SPS
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@‘ “ISR instability” (due to resistive Transverse Dampers)

Long-bunch regime: ~ CERN SPS
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@‘ “ISR instability” (due to resistive Transverse Dampers)

Long-bunch regime: ~ CERN SPS
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@‘ “ISR instability” (due to resistive Transverse Dampers)

Long-bunch regime: ~ CERN SPS
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@‘ “ISR instability” (due to resistive Transverse Dampers)

¢ Without TD

Re (AQ)/ Qs
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@‘ “ISR instability” (due to resistive Transverse Dampers)

¢ With TD

Re (AQ)/ Qs
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@‘ “ISR instability” (due to resistive Transverse Dampers)
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@‘ “ISR instability” (due to resistive Transverse Dampers)
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@ “ISR instability” (due to resistive Transverse Dampers)

2.0

1-mode approach (with TD)
2-mode approach (with TD)
1.5 2-mode approach (without TD)
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@ “ISR instability” (due to resistive Transverse Dampers)

2.0 :
1-mode approach (with TD)
2-mode approach (with TD)
1.5 2-mode approach (without TD)

S
510

\ _—

Although the above analyses assume a one-particle beam, one may ven-
ture to apply the result to a two-particle instability. For example, one may
conclude that, to substantially raise the strong head-tail instability threshold
by Landau damping, it is necessary to have a betatron frequency spread that
is comparable to the synchrotron frequency. This is not easy to do in practice,
and the conclusion discourages an attempt to Landau damp the strong |
head-tail instability.




“Coupled head-tail instability” (due to linear coupling)

¢ Linear coupling can have a beneficial effect for both weak and strong
head-tail instabilities if asymmetries between the 2 transverse planes
(different impedances, chromaticities, Landau damping, etc.)
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¢ Linear coupling can have a beneficial effect for both weak and strong
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“Coupled head-tail instability” (due to linear coupling)

¢ Linear coupling can have a beneficial effect for both weak and strong
head-tail instabilities if asymmetries between the 2 transverse planes
(different impedances, chromaticities, Landau damping, etc.)

] INTENSITY [10'2 protons/pulse]

® Was used in the
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= Was also observed and used in the past elsewhere: LANL-PSR (with
“e-p”instability), BNL AGS (TCBI), CERN SPS & LEP (TMCI), PSB, etc.
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“Coupled head-tail instability” (due to linear coupling)

¢ BUT linear coupling can also have a detrimental effect if coupling is too
strong because the coherent tunes are shifted by linear coupling differently
compared to the incoherent tunes (providing the Landau damping) due to
the nonlinear fields (from octupoles, used to create the tune spread)
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“Coupled head-tail instability” (due to linear coupling)

¢ BUT linear coupling can also have a detrimental effect if coupling is too
strong because the coherent tunes are shifted by linear coupling differently
compared to the incoherent tunes (providing the Landau damping) due to
the nonlinear fields (from octupoles, used to create the tune spread)
=> |Loss of transverse Landau damping

® QObserved in the past in the HERA proton ring

" QObserved also in the LHC
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@ “Coupled head-tail mstablllty”(due to linear coupllng)
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@ “Coupled head-tail mstablllty”(due to linear coupllng)
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@ “Coupled head-tail InStablllty”(due to linear coupllng)
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@ “Coupled head-tail instability” (due to linear coupling)
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Many other very
Interesting mechanisms!



@‘ 1) Destabilising effect of mode-coupling of
colliding beams (bheam-beam and impedance)

S. White et al.
(PRSTAB 2014)

T Beam-Beam
parameter
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2) Destabilising effect of interplay between
Landau octupoles and beam-beam

LOF = LOF =

2012

X. Buffat et al.
(PRSTAB 2014)

Nominal
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= 3) Destabilising effects of electron cloud

G. ladarola et al.

¢ Quadrupoles explain the observed e-
cloud instabilities at injection, similar in H
and V (A. Romano et al.)

¢ Coupled-bunch instabilities driven by e-
cloud effects could be simulated for the
first time at CERN thanks to new HPC
cluster recently deployed for accelerator
studies (G. ladarola et al., 2018)

¢ Electron cloud buildup driving
spontaneous vertical instabilities of stored
beams in the Large Hadron Collider (A.
Romano et al., PRAB 2018)
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4) Destabilising effect of noise

Observations MD in 2018 (x Buffat et al)

Simulations (COMBI)

Decreasing noise amplitude
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5) Destabilising effect of a non-conformity

¢ “16L2" (half-cell 16 left of Point 2) instability: fastest
instability observed in the LHC!

= 68 premature beam dumps in 2017 T. Lovens and B. Salvant

= Limited the number of bunches and intensity per bunch in 2017 and 2018
= Origin and detailed instability mechanism still under investigation

L. Mether et al.
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6) Destabilising effect of detuning impedance
on coasting beams (“fast-slow mode coupling instability”)

N. Biancacci et al.

E. Métral, Alex Chao Symposium, SLAC, CA, USA, 25/10/2019



7) Stabilising effect of Q”

PHD thesis from M. Schenk (supervised by K. Li) recently
defended: “A novel approach to Landau damping of
transverse collective instabilities in future hadron colliders”

4 . e ae )
Analysis of transverse beam stabilization

1 I with rf quadrupoles
Slmu Iat|0nS M. Schenk et al., PRAB 20, 104402, 2017

. J

Experimental stabilization of transverse
Expe riment collective instabilities in the LHC with 2"
order chromaticity
M. Schenk et al., PRAB 21, 084401, 2018

4 )\
Vlasov description of the effects of

Theory nonlinear chromaticity on transverse
coherent beam instabilities
M. Schenk et al., PRAB 21, 084402, 2018

(& J
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8) Stabilising effect of space charge in LHC
at low energies (weak head-tail: Q’ = 5)
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simulations for
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real impedance

model (Q’ = 5)

SC stabilizes the
Head-Tail instability

¢ Impedance + SC

A. Oeftiger



9) Stabilising effect of space charge in LHC
at low energies (strong head-tail: Q’ = 0)
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FIG. 3. The stability diagram for the strong space-charge case
(r = K/W > 1). The stability diagram for the weak space-charge
case (r=K/W <1) is also plotted for completion. Unstable
regions are shown shaded.
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@ 10) A long-standing problem: effect of space
= charge on CERN SPS TMCI...

BUT the problem has been solved in practice by going farther away from
transition (gaining a factor ~ 2.5 in intensity threshold)

It is interesting to note that Eq. (5.91) for the transverse stability of an
unbunched beam gives, up to a numerical factor of the order of unity, the
stability condition (4.46) for a bunched beam against the strong head-tail
instability when one makes the replacement Aw, ,, = w,, identifies [iZ" /T,
with W, and lets N be the number of particles in the bunch. This again
supports the observation that synchrotron oscillation has a stabilizing effect
against collective instabilities, and w, plays for bunched beams a role similar
to the one the frequency spread Aw, , plays for unbunched beams.

beams. What Eq. (5.99) demonstrates is that the mechanism of the mi-
crowave instability is basically the same as that of the strong head-tail
instability, which is also called the mode coupling instability in the literature.
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&) Alex participated to the CAS on “Intensity
limitations in particle beams” in 2015 at CERN

A. Hofmann

(1933-2018)




@ Alex was also a member of the LHC-MAC for
many years, and helped design and construct

the LHC with his advice (F Zimmermann and J. Jowett)
OO
1st LHC MAC (14I11I1995)

J.L. Laclare
(1942-2003)
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Alex was also a member of the LHC-MAC for
many years, and helped design and construct
the LHC with his advice (F. Zimmermann and J. Jowett)

A. Chao
L. Evans

F. Willeke C. Pagani
A. Chao

A. Skrinsky
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@‘ F. Zimmermann

¢ “In the fall of 1992... At the SSC, | talked with Alex in his upstairs
office about possible options for after my PhD. Alex told me that
the two best places in the world for working on accelerator
physics were SLAC (in case | were more adventurous to go
there from Europe) and CERN. | followed exactly his advice. |
first went to SLAC and then to CERN. | will forever be grateful
for his excellent guidance.

=> Warm greetings and best wishes to Alex!”
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@ J. Jowett

¢ ‘| send Alex my thanks for all his brilliant, influential work,
many happy shared occasions since | first met him in 1980
and very best wishes for his retirement”
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@‘ Conclusion

¢ Aot of progress could be made in the last years but |/we do know what we owe to
our fathers and in particular to Alex Chao for having extremely well explained and
documented the many impedance-induced instabilities => Many thanks again for
that!
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