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IPAC 2018 prize for Alex Chao: 
I had the pleasure to be there and listen to him
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“The Chao” bible

EPFL team 
(C. Tambasco, T. Pieloni, 

L. Coyle, M. Schenk)

F. Zimmermann G. Rumolo N. Biancacci X. Buffat

C. Zannini B. SalvantN. Mounet E. Koukovini Platia S. Antipov
L. Giacomel

G. Iadarola

HEADTAIL 
macroparticle tracking 

code (2002)
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On-line book (371 pages):
http://www.slac.stanford.edu/~achao/wileybook.html
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“The Chao” bible came perfectly on time for 
me (1993): I started my PHD in 1996…
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u I spent my first few
months reading and re-
deriving it (with cgs units!)
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u I spent my first few
months reading and re-
deriving it (with cgs units!)

“The Chao” bible came perfectly on time for 
me (1993): I started my PHD in 1996…

u Another complementary approach is
e.g. from J.L. Laclare (CAS-1985)
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My PHD supervisor: D. Möhl

(1936-2012)
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My PHD supervisor: D. Möhl

See Chao’s footnote p. 263 (1971)
Beam Transfer 
Function (BTF)

(1936-2012)
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A.M. Sessler and V.G. Vaccaro

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

A. Sessler passed away 
just before the workshop 

(17/04/2014)

1967

(1928-2014)
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IPAC19 prize for V.G. Vaccaro
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Example of the LHC “wall impedance”

Longitudinal weld 
Pumping slots 

Saw teeth 

Beam screen tube (Stainless-Steel: SS) 

Copper coating 

S. RedaelliLHC 
collimators

LHC beam screen
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Longitudinal weld 
Pumping slots 

Saw teeth 

Beam screen tube (Stainless-Steel: SS) 

Copper coating 

S. RedaelliLHC 
collimators

LHC beam screen

=> In the LHC, the collimators are closed during acceleration and the
impedance becomes much bigger at high energy… and Landau
damping from octupoles less effective due to the smaller transverse
beam size…

Example of the LHC “wall impedance”
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u 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 frequency => 3 frequency regimes of the “wall impedance”

§ 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

Example of the LHC “wall impedance”
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Example of the LHC “wall impedance”
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Wake field accelerators
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1st talk from MCBI 2019 by M. Migliorati
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1st talk from MCBI 2019 by M. Migliorati
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Impedance-induced 
coherent instabilities



logo
area

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

Beam Break-Up instability in linacs
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Beam Break-Up instability in linacs
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Instabilities in circular machines



logo
area

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

MEASUREMENTS 
(17/05/2010 at 3.5 TeV) 
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Instabilities in circular machines
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Σ, ΔR, ΔV signals 

Time (10 ns/div) 
~ 700 MHz 

Head stable 
Tail unstable 

Head
Tail

!!
PS, single bunch, vertical 

SPS, single bunch, vertical

PS, single bunch, horizontal

Instabilities in circular machines
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Instabilities in circular machines
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F. Sacherer and the mode analysis
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F. Sacherer and the mode analysis
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F. Sacherer and the mode analysis

TMCI 
(Transverse Mode-

Coupling Instability)
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F. Sacherer and the mode analysis
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Examples of TMCI & LMCI => Vlasov solvers GALACTIC and GALACLIC
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TIC (BB Resonator, 𝒇𝒓𝝉𝒃 = 𝟐. 𝟖)

Results in black are from Laclare (only real parts)

Examples of TMCI & LMCI => Vlasov solvers GALACTIC and GALACLIC

𝑄’ = 0
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TIC (BB Resonator, 𝒇𝒓𝝉𝒃 = 𝟐. 𝟖)

Results in black are from Laclare (only real parts)

! = Im 	&' 0 	)	*+
4	-	.	/01	2'03	45

Examples of TMCI & LMCI => Vlasov solvers GALACTIC and GALACLIC

𝑄’ = 0
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Examples of TMCI & LMCI => Vlasov solvers GALACTIC and GALACLIC

𝑄’ = 0



logo
area

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

TIC (BB Resonator, 𝒇𝒓𝝉𝒃 = 𝟐. 𝟖)

Results in black are from Laclare (only real parts)

LIC (similar BBR) without PWD

Examples of TMCI & LMCI => Vlasov solvers GALACTIC and GALACLIC

𝑄’ = 0



logo
area

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

TIC (BB Resonator, 𝒇𝒓𝝉𝒃 = 𝟐. 𝟖)

Results in black are from Laclare (only real parts)

LIC (similar BBR) without PWDLIC (similar BBR) without PWD LIC (similar BBR) with PWD

Examples of TMCI & LMCI => Vlasov solvers GALACTIC and GALACLIC

𝑄’ = 0
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TIC (BB Resonator, 𝒇𝒓𝝉𝒃 = 𝟐. 𝟖)

Results in black are from Laclare (only real parts)

LIC (similar BBR) without PWDLIC (similar BBR) without PWD LIC (similar BBR) with PWD

With simplest model 
of PWD (Potential-Well

Distortion)

Examples of TMCI & LMCI => Vlasov solvers GALACTIC and GALACLIC

𝑄’ = 0
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Examples of TMCI & LMCI => Comparison with tracking codes

PyHEADTAIL 𝒇𝒓𝝉𝒃 = 𝟐. 𝟕 	

vs. GALACTIC (in black) 
SBSC 𝒇𝒓𝝉𝒃 = 𝟐. 𝟕 	

vs. GALACLIC (in black) 

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

𝑄’ = 0
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Examples of TMCI & LMCI => Comparison with tracking codes

PyHEADTAIL 𝒇𝒓𝝉𝒃 = 𝟐. 𝟕 	

vs. GALACTIC (in black) 
SBSC 𝒇𝒓𝝉𝒃 = 𝟐. 𝟕 	

vs. GALACLIC (in black) 

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

Longitudinal 
“microwave instability”Bunch lengthening 

due to PWD (Potential-
Well Distortion)
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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)
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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
Longitudinal: low-intensity with constant inductive impedance
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Signals observed at Pick-Up electrodes
Longitudinal: low-intensity with constant inductive impedance
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Transverse: high-intensity

Signals observed at Pick-Up electrodes
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Transverse: high-intensity

Example from the 
DELPHI Vlasov solver

(N. Mounet, 2014)

D. Amorim

Signals observed at Pick-Up electrodes
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Signals observed at Pick-Up electrodes
Transverse: high-intensity

D. Amorim

Example from the 
DELPHI Vlasov solver

(N. Mounet, 2014) 
=> Movie
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Landau damping (and BNS damping for linacs) 
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Landau damping (and BNS damping for linacs) 
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50-page article for a special edition of IEEE 
Transactions on Nuclear Science for the 50th

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 50th

anniversary of the PAC conference (originally 
launched by IEEE in 1965)

Invitation from 
Y.H. Chin
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50-page article for a special edition of IEEE 
Transactions on Nuclear Science for the 50th

anniversary of the PAC conference (originally 
launched by IEEE in 1965)

Out of 293Invitation from 
Y.H. Chin
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50-page article for a special edition of IEEE 
Transactions on Nuclear Science for the 50th

anniversary of the PAC conference (originally 
launched by IEEE in 1965)



logo
area

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

New kinds of 
instabilities: 2 examples
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“ISR instability” (due to resistive Transverse Dampers)
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“ISR instability” (due to resistive Transverse Dampers)

u Resistive and reactive Transverse Damper (TD)

§ If => TD is called “resistive”: it is a conventional damper/feedback
system, which damps the centre-of-charge motion of the beam

§ If => TD is called “reactive”: in this case, mode 0 is shifted (which can
raise the intensity threshold in the presence of TMCI between modes 0 and -1)

∆𝑄/0=
𝑒2	3

2	𝜋	𝑑

𝜙/0 = 90°

𝜙/0 = 0°
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“ISR instability” (due to resistive Transverse Dampers)

u Resistive and reactive Transverse Damper (TD)

§ If => TD is called “resistive”: it is a conventional damper/feedback
system, which damps the centre-of-charge motion of the beam

§ If => TD is called “reactive”: in this case, mode 0 is shifted (which can
raise the intensity threshold in the presence of TMCI between modes 0 and -1)

𝜙/0 = 90°

𝜙/0 = 0°

-		𝝓 = betatron phase advance
between Pick-Up and Kicker
-	𝒅		= damper damping time in
machine turns (=2/G, G=gain)

∆𝑄/0=
𝑒2	3

2	𝜋	𝑑
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(𝒇𝒓𝝉𝒃 = 𝟐. 𝟖, 𝑸A = 𝟎)

No TD
Reactive TD

No TD
Resistive TD

“ISR instability” (due to resistive Transverse Dampers)
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Short-bunch regime: ~ CERN LHC
(𝒇𝒓𝝉𝒃 = 𝟎. 𝟖, 𝑸A = 𝟎)
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Long-bunch regime: ~ CERN SPS
(𝒇𝒓𝝉𝒃 = 𝟐. 𝟖, 𝑸A = 𝟎)

“ISR instability” (due to resistive Transverse Dampers)
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“ISR instability” (due to resistive Transverse Dampers)
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“Coupled head-tail instability”(due to linear coupling)

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

u 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.)

§ Was used in the
CERN PS for ~ 15
years
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“Coupled head-tail instability”(due to linear coupling)

u 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.)

§ Was used in the
CERN PS for ~ 15
years

§ 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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u 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

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

§ Observed in the past in the HERA proton ring

§ Observed also in the LHC

“Coupled head-tail instability”(due to linear coupling)
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“Coupled head-tail instability”(due to linear coupling)
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“Coupled head-tail instability”(due to linear coupling)
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“Coupled head-tail instability”(due to linear coupling)
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“Coupled head-tail instability”(due to linear coupling)
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= Closest tune approach

C − = ΔQmin = 0.055

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

C − = 0

L.R. Carver

1 bunch
6.5 TeV
Collision tunes
LOF: 500 A
PyHEADTAIL code



logo
area

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

Coupled head-tail instability
(due to linear coupling)

C − = 0

L.R. Carver

Landau damping 
(coherent tune inside the 

tune spread) 
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Coupled head-tail instability
(due to linear coupling)

C − = 0.002

L.R. Carver
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Coupled head-tail instability
(due to linear coupling)

C − = 0.004

L.R. Carver
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Coupled head-tail instability
(due to linear coupling)

C − = 0.006

L.R. Carver

Landau damping is lost 
(coherent tune outside the 
tune spread) => |C-| ~ 0.005 

is critical!
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Coupled head-tail instability
(due to linear coupling)

C − = 0.008

L.R. Carver
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Coupled head-tail instability
(due to linear coupling)

C − = 0.01

L.R. Carver

L.R. Carver et al.
(PRAB 2018)
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Many other very 
interesting mechanisms!
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1) Destabilising effect of mode-coupling of 
colliding beams (beam-beam and impedance)

S. White et al.
(PRSTAB 2014)

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

X. Buffat et al.
(PRSTAB 2014)

2012

Nominal

LOF = LOF =
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3) Destabilising effects of electron cloud

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

u 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. Iadarola et al., 2018)

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

G. Iadarola et al.
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4) Destabilising effect of noise

MD in 2018 (X. Buffat et al.)

X. Buffat

Observations

Simulations (COMBI)

~ 13 min

External source 
of noise (in unit of 

beam size)

X. Buffat

Decreasing noise amplitude
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4) Destabilising effect of noise

S. Furuseth
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5) Destabilising effect of a non-conformity
u “16L2” (half-cell 16 left of Point 2) instability: fastest

instability observed in the LHC!

§ 68 premature beam dumps in 2017
§ Limited the number of bunches and intensity per bunch in 2017 and 2018
§ Origin and detailed instability mechanism still under investigation

T. Levens and B. Salvant

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.
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7) Stabilising effect of Q”
u 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”

§ Simulations

§ Experiment

§ Theory

Analysis	of	transverse	beam	stabilization	
with	rf	quadrupoles
M.	Schenk	et	al.,	PRAB 20,	104402,	2017

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

Vlasov	description	of	the	effects	of	
nonlinear	 chromaticity	on	 transverse	
coherent	beam	instabilities
M.	Schenk	et	al.,	PRAB 21,	084402,	2018
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8) Stabilising effect of space charge in LHC 
at low energies (weak head-tail: Q’ = 5)



logo
area

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

9) Stabilising effect of space charge in LHC 
at low energies (strong head-tail: Q’ = 0)
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10) A long-standing problem: effect of space 
charge on CERN SPS TMCI…

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

0.14=yx
(movie)
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10) A long-standing problem: effect of space 
charge on CERN SPS TMCI…
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0.54=yx
(movie)
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10) A long-standing problem: effect of space 
charge on CERN SPS TMCI…

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

2.04=yx
(movie)
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10) A long-standing problem: effect of space 
charge on CERN SPS TMCI…
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u At CERN, it seems that only the LHC (highest energy machine) sees the
(beneficial/stabilising) effect of space charge

10) A long-standing problem: effect of space 
charge on CERN SPS TMCI…
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u At CERN, it seems that only the LHC (highest energy machine) sees the
(beneficial/stabilising) effect of space charge

10) A long-standing problem: effect of space 
charge on CERN SPS TMCI…

u For the SPS TMCI, a
destabilising effect has even
been revealed with
pyHEADTAIL simulations (A.
Oeftiger) using a BB
resonator. To be continued
(using the real impedance
model, etc.) => With A.
Burov, Y. Alexahin,…
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u BUT the problem has been solved in practice by going farther away from
transition (gaining a factor ~ 2.5 in intensity threshold)

10) A long-standing problem: effect of space 
charge on CERN SPS TMCI…
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u BUT the problem has been solved in practice by going farther away from
transition (gaining a factor ~ 2.5 in intensity threshold)

=> 𝑁D ∝ 𝜔G	Δ𝑧J/LL

=> 𝑁D ∝ 𝜂 	𝜀O

10) A long-standing problem: effect of space 
charge on CERN SPS TMCI…
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u BUT the problem has been solved in practice by going farther away from
transition (gaining a factor ~ 2.5 in intensity threshold)

=> 𝑁DPQ ∝ 𝜔G	Δ𝑧J/LL

=> 𝑁D ∝ 𝜂 	𝜀O

10) A long-standing problem: effect of space 
charge on CERN SPS TMCI…
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Alex participated to the CAS on “Intensity 
limitations in particle beams” in 2015 at CERN 

A. Chao

M. Ferrario

A. Hofmann
(1933-2018)
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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)

1st LHC MAC (14/11/1995)

A. Chao

J.L. Laclare
(1942-2003)

L. Evans

J. Jowett
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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)

Design 
peak lumi

Design 
peak lumi

× 2

1st LHC MAC (14/11/1995)

A. Chao L. Evans

J. Jowett
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

F. Willeke

A. Skrinsky

L. Evans

C. Pagani

Picture from J. Jowett

A. Chao
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F. Zimmermann
u “In the fall of 1992… At the SSC, I 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 I were more adventurous to go
there from Europe) and CERN. I followed exactly his advice. I
first went to SLAC and then to CERN. I will forever be grateful
for his excellent guidance.

=> Warm greetings and best wishes to Alex!”
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J. Jowett
u “I send Alex my thanks for all his brilliant, influential work,

many happy shared occasions since I first met him in 1980
and very best wishes for his retirement”
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Conclusion
u In a machine like the LHC, not only all the mechanisms have to be understood

separately, but (ALL) the possible interplays between the different phenomena need
to be analyzed in detail, including the
§ Beam-coupling impedance (driving and detuning)
§ Linear and nonlinear chromaticity
§ Transverse damper
§ Landau octupoles (and other intrinsic nonlinearities)
§ Space charge
§ Beam-beam: BBLR and BBHO
§ Electron cloud
§ Linear coupling strength
§ Tune separation between the transverse planes (bunch by bunch)
§ Tune split between the two beams (bunch by bunch)
§ Transverse beam separation between the two beams
§ Noise
§ Etc.
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Conclusion
u A lot of progress could be made in the last years but I/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!

u For sure, “The Chao” bible will remain close to us on our desktop for many years!

also

next generation…
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“The Chao” bible

EPFL team 
(C. Tambasco, T. Pieloni, 

L. Coyle, M. Schenk)

F. Zimmermann G. Rumolo N. Biancacci X. Buffat

C. Zannini B. SalvantN. Mounet E. Koukovini Platia S. Antipov
L. Giacomel

G. Iadarola

HEADTAIL 
macroparticle tracking 

code (2002)


