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Overview

1.12.2022

Space charge effect in nonlinear rings

The coupled resonances

Experiment and simulations

The case for accelerators and projects

Conclusion / Outlook

One dimensional resonances

G. Franchetti 2
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Motivation: the FAIR project

1.12.2022

§ SIS100 beam parameters:
§ Every ion from p to U
§ U28+ -ions for RIB 

production:
§ 5x1011 / cycle
§ Rep. rate: 0.5 Hz
§ Energy: 400–2715 MeV/u

G. Franchetti 3
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Injectors for FAIR

1.12.2022

SIS100: 
5x1011 U28+ ions per cycle
3x1011 U28+ ions per second

G. Franchetti 4
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Accelerator case

1.12.2022

High intensity bunch stored for many turns

Particles are subject to the 
nonlinear motion

Particles subject to
Space charge

Space charge tune-shift
Amplitude dependent detuning

Error and structure resonances
Dynamic aperture

Chromatic effects
Structure resonances

Collective effects
impedances

G. Franchetti 5
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Single particle nonlinear dynamics

1.12.2022

Error / Structure Resonances
SIS18

Dynamic Aperture:  LHC

E. H. Maclean, R. Tomás, F. Schmidt, and T. H. B. Persson
Phys. Rev. ST Accel. Beams 17, 081002

Lattice induced nonlinear resonances

G. Guignard, CERN 78-11, (1978);  A. Bazzani et al., CERN94-02 (1994).
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Space charge vs. magnets force

1.12.2022

space charge
force

quadrupole
force

Example in a  focusing quadrupole

Gaussian
distribution

�Qx

Space charge tune-spread

�
Q

y

�Qx ⇠ �0.2

�Qy ⇠ �0.3
SIS100
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The space charge limit

1.12.2022

Tolerable space charge
tune-shift in order not to 
overlap with resonances

If resonances are too many, 
or the incoherent tune-shift is 
too large there is always a 
resonance overlapping

What happens if 
space charge tune-spread 
overlaps a resonance?3.15
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x

�Qy
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Textbook wisdom: 
maximum space charge
tuneshift is of 0.5
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Example: Coasting beam and 1D 
resonance

1.12.2022

initial final
PIC simulation

3Q
x
=

13
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Interpretation

1.12.2022

Qx = 4.34
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Q
y

Interpretation

1.12.2022

Qx = 4.34

Above the resonance: Large stable 3rd order islands  are created

3Q
x
=

13

G. Franchetti 11
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The quest of the incoherent 
effects of space charge

2002 2007

study of the 
space charge
on 1D 4th order 
resonance

study of the 
space charge
on 1D 3th order 
resonance: proof
of principle

PS
SIS18

1 week
12 days 
(as users)

1.12.2022G. Franchetti 12
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1D third order resonance

1.12.2022

Resonance
3 Qx = 13

Experiment

G. Franchetti 13
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The GSI Campaign (2007-2010)
Bunched beam at high intensity
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Experiment Simulation

Large emittance growth

ΔQx = −0.04/ − 0.045

The bunch is shorter !

1.12.2022

G. Franchetti, O. Chorniy, I. Hofmann, W. Bayer, F. Becker, P. Forck,T. Giacomini, 
M. Kirk, T. Mohite, C. Omet, A. Parfenova, P. Schuett
Phys. Rev. ST Accel. Beams 13, 114203 (2010).

G. Franchetti 14
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Space charge and resonances

Periodic crossing
of a resonance

z

x

Bare tune

Lattice error Resonance 
or 

Space Charge 
Structure Resonance

Slow diffusion If tails extend beyond 
acceptance, slow 
beam loss take place

Pipe

z

1.12.2022G. Franchetti 15
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Space charge and resonances

Periodic crossing
of a resonance

z

x

Bare tune

One dimensional 
Lattice error Resonance

Slow diffusion If tails extend beyond 
acceptance, slow 
beam loss take place

Pipe

z

1.12.2022G. Franchetti 16
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Scattering

171.12.2022G. Franchetti

Fast resonance crossing à „scattering“ of the invariant
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Trapping

181.12.2022G. Franchetti

Slow resonance crossing à „Trapping“ in the island
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Periodic crossing in a scattering regime

191.12.2022G. Franchetti
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Long term beam loss

201.12.2022G. Franchetti

Mechanical
limitation

Halo

The scattering regime
creates a nonlinear diffusional
regime eventually
leading to long term slow
beam loss

G. Franchetti et al. PRAB 6, 124201 (2003) 
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Trapping

211.12.2022G. Franchetti

If trapping takes place
fast beam loss
would appear quick and
large!
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1D resonance and space charge
Summary

1.12.2022

Determined by

x

px

n[qx0 +�Qx(X)] = N

Resonance strength: 
• Island size
• Tunes around fixed-points 

Longitudinal motion and space charge drives islands away too fast 

“scattering regime”

Halo size is determined
by the outer position 
of islands

G. Franchetti 22

(Role of chromaticity, 
left out in this talk)
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The difficulty of the coupled dynamics

1.12.2022

2D resonance

Q
x + 2Q

y = 11

G. Franchetti 23

Working point
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The difficulty of the coupled dynamics

1.12.2022

Orbits become fuzzy

Very difficult to 
understand what 
is going on. 

Near the resonance  Qx + 2 Qy = 11 Qx = 4.27, Qy = 3.3575

G. Franchetti 24
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The 2012 CERN-PS measurement campaign

1.12.2022G. Franchetti 25

Machine experiment
campaign to investigate
coupled nonlinear
resonances
and space charge
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PS campaign results

1.12.2022

Qx0 = 6.104

G. Franchetti 27
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Comparison with simulations

1.12.2022G. Franchetti 28

measurements
simulations
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Beam Profiles for 

1.12.2022

Qx0 = 6.104

G. Franchetti 29
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Experiment-Code 
Beam Profile benchmarking

1.12.2022

Qx0 = 6.104

G. Franchetti 30
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Resonant particles: 
usual approach does not explain findings

XhYh

X / σx

Y / σy

1.12.2022

�r0 = 0.056

“resonant detuning
cancel           and 

makes particle 
resonant”

�r0 = 0.056

�r0 = 0.056

G. Franchetti 31
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The coupled dynamics 
on the resonance

DANGER!
Fixed-lines

G. Franchetti and F. Schmidt 
Phys. Rev. Lett. 114, 234801 (2015).

G. Franchetti and F. Schmidt 
http://arxiv.org/abs/1504.04389

F. Schmidt PhD thesis, and others

1.12.2022G. Franchetti 32

Fully coupled 4D dynamics
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Fixed point: 1D resonance  (x-px)

33
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Poincare‘ section of the 1D resonance
(stable)

341.12.2022G. Franchetti

x

x‘

island

Fixed
point
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Fixed line x-px

351.12.2022G. Franchetti
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Fixed line x-y

361.12.2022G. Franchetti
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Fixed lines in the physical space
1.12.2022G. Franchetti

37

G.Franchetti & F. Schmidt 
Phys. Rev. Lett. 114, 234801 (2015)

G. Franchetti 1.12.2022
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Infinite fixed lines
1.12.2022G. Franchetti

38

Qx + 2Qy = m

0  ⌧  1
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G. Franchetti 1.12.2022

G. Franchetti and F. Schmidt
Phys. Rev. Lett. 114, 234801 (2015).
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Fixed lines with space charge
1.12.2022G. Franchetti

39

PS-Exp. 

parameters

Analytic prediction

of the secondary 

tunes for resonances 

of any orders … 

(hence the stability)

Qx + 2Qy = 19

DQx = -0.05

G. Franchetti 1.12.2022
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Effect of space charge on the “infinite” 
fixed lines: third order resonance

1.12.2022G. Franchetti

40

Pure Qx+2Qy=19. No space charge, 

no additional detuning

Collection of fixed-lines Qx+2Qy=19 

in presence of space charge
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G. Franchetti 1.12.2022
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With higher order resonances,  
fixed lines and space charge

1.12.2022G. Franchetti

41

2 Qx + 2 Qy = 19 (normal) 3 Qx + 2 Qy = 19 (skew)

x/a x/a

y/
b

y/
b

C=-10
C=-10

G. Franchetti 1.12.2022
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With higher order resonances,  
fixed lines and space charge

1.12.2022G. Franchetti

42

3 Qx + 3 Qy = 29 (skew) 3 Qx + 6 Qy = 49 (normal)

x/a x/a

y/
b y/

b

C=-10
C=-10

G. Franchetti 1.12.2022
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Similarity with 1D resonances
1.12.2022G. Franchetti

43

This term is an “amplitude dependent resonance detuning”

�r = �r0 + Dr,scNx
dVsc

da
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<latexit sha1_base64="JrnKU294bTz2SR+XuHEfnHVUHdk=">AAACLXicdVDLSgMxFL2pr1pfrS51ESyCqzLjRpdFNy5bsA9oS8lkMm1s5kGSEcsw/+BWf8KtP+JCEHHnb5hpu7BTPBA4nHvP5eQ4keBKW9YHKqytb2xuFbdLO7t7+wflymFbhbGkrEVDEcquQxQTPGAtzbVg3Ugy4juCdZzJTTbvPDCpeBjc6WnEBj4ZBdzjlGgjtZvD5NFKh+WqVbNmwKvEXpBq/eSt+Q0AjWEFVfpuSGOfBZoKolTPtiI9SIjUnAqWlvqxYhGhEzJiPUMD4jM1SGZxU3xmFBd7oTQv0Him/nUkxFdq6jtm0yd6rPKzTPxvll1UaV6l7rKUWaXyVC6o9q4GCQ+iWLOAznN6scA6xFl12OWSUS2mhhAqufkqpmMiCdWm4JIp0c5XtkraFzXbqtlN0+Y1zFGEYziFc7DhEupwCw1oAYV7eIJneEGv6B19oq/5agEtPEewBPTzCyCpqwg=</latexit><latexit sha1_base64="Zc5fHS2Y0lfeDVnFEsuGC6otDvo=">AAACLXicdVC7TsMwFLV5lvJqYQQhiwqJqUpYYKxgYWwl+pDaqHIcpzV1nMh2EFWUkZ0VfoK1P8KAhFgZ+AmctgNNxZEsHZ17z9XxcSPOlLasD7iyura+sVnYKm7v7O7tl8oHLRXGktAmCXkoOy5WlDNBm5ppTjuRpDhwOW27o5ts3n6gUrFQ3OlxRJ0ADwTzGcHaSK1GP3m00n6pYlWtKdAyseekUjueNH6eTib1fhmWe15I4oAKTThWqmtbkXYSLDUjnKbFXqxohMkID2jXUIEDqpxkGjdFZ0bxkB9K84RGU/WvI8GBUuPANZsB1kOVn2Xif7PsokrzKvEWpcwqla9yQbV/5SRMRLGmgsxy+jFHOkRZdchjkhLNx4ZgIpn5KiJDLDHRpuCiKdHOV7ZMWhdV26raDdPmNZihAI7AKTgHNrgENXAL6qAJCLgHz+AFvMI3+A4/4ddsdQXOPYdgAfD7F1hurG4=</latexit><latexit sha1_base64="Zc5fHS2Y0lfeDVnFEsuGC6otDvo=">AAACLXicdVC7TsMwFLV5lvJqYQQhiwqJqUpYYKxgYWwl+pDaqHIcpzV1nMh2EFWUkZ0VfoK1P8KAhFgZ+AmctgNNxZEsHZ17z9XxcSPOlLasD7iyura+sVnYKm7v7O7tl8oHLRXGktAmCXkoOy5WlDNBm5ppTjuRpDhwOW27o5ts3n6gUrFQ3OlxRJ0ADwTzGcHaSK1GP3m00n6pYlWtKdAyseekUjueNH6eTib1fhmWe15I4oAKTThWqmtbkXYSLDUjnKbFXqxohMkID2jXUIEDqpxkGjdFZ0bxkB9K84RGU/WvI8GBUuPANZsB1kOVn2Xif7PsokrzKvEWpcwqla9yQbV/5SRMRLGmgsxy+jFHOkRZdchjkhLNx4ZgIpn5KiJDLDHRpuCiKdHOV7ZMWhdV26raDdPmNZihAI7AKTgHNrgENXAL6qAJCLgHz+AFvMI3+A4/4ddsdQXOPYdgAfD7F1hurG4=</latexit><latexit sha1_base64="VjyoAF2zFv5Aon6fgIrZ0FeBUBQ=">AAACGXicdZDNSsNAFIVv6l+NVdu1m8EiuCqJG10KblxWsD/QhjKZ3LRDJ5MwMymU0Bdw60v4NO5EfBsnbRc2xQsDh3PmDme+MBNcG8/7cWoHh0fHJ/VT96zhnl9cNht9neaKYY+lIlXDkGoUXGLPcCNwmCmkSShwEM6fynywQKV5Kl/NMsMgoVPJY86osVZ30mx7HW89ZF/4W9GG7UxaTmscpSxPUBomqNYj38tMUFBlOBO4cse5xoyyOZ3iyEpJE9RBse65IjfWiUicKnukIWv370ZBE62XSWhvJtTMdDUrzf+y8kW9qros2rXKVaVjXSlq4oeg4DLLDUq26RnngpiUlMxIxBUyI5ZWUKa4/SphM6ooM5asaxn6VWL7on/X8b2O/+JBHa7gGm7Bh3t4hGfoQg8YRPAG786H8+l8bVjXnC30FuyM8/0LVDqjuQ==</latexit><latexit sha1_base64="blJmQX38+QERjgxz2P3+C36S98c=">AAACInicdZDNSgMxFIXv1L9aq7Zu3QSL4Kpk3OhScOOyBfsD7VAymUwbm8kMSUYsw7yDW30Jn8aFID6LmbYLO8ULgcM5ueHk8xPBtcH4y6ns7O7tH1QPa0f145PTRrPe13GqKOvRWMRq6BPNBJesZ7gRbJgoRiJfsIE/vy/ywTNTmsfy0SwS5kVkKnnIKTHW6ncn2QvOJ40WbuPloG3hrkUL1tOZNJ3mOIhpGjFpqCBaj1ycGC8jynAqWF4bp5olhM7JlI2slCRi2suWdXN0aZ0AhbGyRxq0dP9uZCTSehH59mZEzEyXs8L8Lyte1HnZpcGmVawqHepSURPeehmXSWqYpKueYSqQiVGBDgVcMWrEwgpCFbdfRXRGFKHGAq5ZiG4Z2bboX7dd3Ha7GKpwDhdwBS7cwB08QAd6QOEJXuEN3p0P59P5XuGuOGvuZ7Axzs8vPZinLw==</latexit><latexit sha1_base64="blJmQX38+QERjgxz2P3+C36S98c=">AAACInicdZDNSgMxFIXv1L9aq7Zu3QSL4Kpk3OhScOOyBfsD7VAymUwbm8kMSUYsw7yDW30Jn8aFID6LmbYLO8ULgcM5ueHk8xPBtcH4y6ns7O7tH1QPa0f145PTRrPe13GqKOvRWMRq6BPNBJesZ7gRbJgoRiJfsIE/vy/ywTNTmsfy0SwS5kVkKnnIKTHW6ncn2QvOJ40WbuPloG3hrkUL1tOZNJ3mOIhpGjFpqCBaj1ycGC8jynAqWF4bp5olhM7JlI2slCRi2suWdXN0aZ0AhbGyRxq0dP9uZCTSehH59mZEzEyXs8L8Lyte1HnZpcGmVawqHepSURPeehmXSWqYpKueYSqQiVGBDgVcMWrEwgpCFbdfRXRGFKHGAq5ZiG4Z2bboX7dd3Ha7GKpwDhdwBS7cwB08QAd6QOEJXuEN3p0P59P5XuGuOGvuZ7Axzs8vPZinLw==</latexit><latexit sha1_base64="5Zt4vxtRmuBP7shXjjU5e8ao6aY=">AAACLXicdVDLSgMxFE181vpqdekmWARXJeNGl0U3LluwD2iHkslk2thMZkgyYhnmH9zqT/g1LgRx62+YaWdhp3ggcDj3nsvJ8WLBtcH4E25sbm3v7Fb2qvsHh0fHtfpJT0eJoqxLIxGpgUc0E1yyruFGsEGsGAk9wfre7C6f95+Y0jySD2YeMzckE8kDTomxUq8zTp9xNq41cBMvgNaJU5AGKNAe12F95Ec0CZk0VBCthw6OjZsSZTgVLKuOEs1iQmdkwoaWShIy7aaLuBm6sIqPgkjZJw1aqH8dKQm1noee3QyJmeryLBf/m+UXdVZWqb8q5ValA10KaoIbN+UyTgyTdJkzSAQyEcqrQz5XjBoxt4RQxe1XEZ0SRaixBVdtiU65snXSu2o6uOl0cKN1W9RZAWfgHFwCB1yDFrgHbdAFFDyCF/AK3uA7/IBf8Hu5ugELzylYAfz5BX9gqMM=</latexit><latexit sha1_base64="5Zt4vxtRmuBP7shXjjU5e8ao6aY=">AAACLXicdVDLSgMxFE181vpqdekmWARXJeNGl0U3LluwD2iHkslk2thMZkgyYhnmH9zqT/g1LgRx62+YaWdhp3ggcDj3nsvJ8WLBtcH4E25sbm3v7Fb2qvsHh0fHtfpJT0eJoqxLIxGpgUc0E1yyruFGsEGsGAk9wfre7C6f95+Y0jySD2YeMzckE8kDTomxUq8zTp9xNq41cBMvgNaJU5AGKNAe12F95Ec0CZk0VBCthw6OjZsSZTgVLKuOEs1iQmdkwoaWShIy7aaLuBm6sIqPgkjZJw1aqH8dKQm1noee3QyJmeryLBf/m+UXdVZWqb8q5ValA10KaoIbN+UyTgyTdJkzSAQyEcqrQz5XjBoxt4RQxe1XEZ0SRaixBVdtiU65snXSu2o6uOl0cKN1W9RZAWfgHFwCB1yDFrgHbdAFFDyCF/AK3uA7/IBf8Hu5ugELzylYAfz5BX9gqMM=</latexit><latexit sha1_base64="Zc5fHS2Y0lfeDVnFEsuGC6otDvo=">AAACLXicdVC7TsMwFLV5lvJqYQQhiwqJqUpYYKxgYWwl+pDaqHIcpzV1nMh2EFWUkZ0VfoK1P8KAhFgZ+AmctgNNxZEsHZ17z9XxcSPOlLasD7iyura+sVnYKm7v7O7tl8oHLRXGktAmCXkoOy5WlDNBm5ppTjuRpDhwOW27o5ts3n6gUrFQ3OlxRJ0ADwTzGcHaSK1GP3m00n6pYlWtKdAyseekUjueNH6eTib1fhmWe15I4oAKTThWqmtbkXYSLDUjnKbFXqxohMkID2jXUIEDqpxkGjdFZ0bxkB9K84RGU/WvI8GBUuPANZsB1kOVn2Xif7PsokrzKvEWpcwqla9yQbV/5SRMRLGmgsxy+jFHOkRZdchjkhLNx4ZgIpn5KiJDLDHRpuCiKdHOV7ZMWhdV26raDdPmNZihAI7AKTgHNrgENXAL6qAJCLgHz+AFvMI3+A4/4ddsdQXOPYdgAfD7F1hurG4=</latexit><latexit sha1_base64="Zc5fHS2Y0lfeDVnFEsuGC6otDvo=">AAACLXicdVC7TsMwFLV5lvJqYQQhiwqJqUpYYKxgYWwl+pDaqHIcpzV1nMh2EFWUkZ0VfoK1P8KAhFgZ+AmctgNNxZEsHZ17z9XxcSPOlLasD7iyura+sVnYKm7v7O7tl8oHLRXGktAmCXkoOy5WlDNBm5ppTjuRpDhwOW27o5ts3n6gUrFQ3OlxRJ0ADwTzGcHaSK1GP3m00n6pYlWtKdAyseekUjueNH6eTib1fhmWe15I4oAKTThWqmtbkXYSLDUjnKbFXqxohMkID2jXUIEDqpxkGjdFZ0bxkB9K84RGU/WvI8GBUuPANZsB1kOVn2Xif7PsokrzKvEWpcwqla9yQbV/5SRMRLGmgsxy+jFHOkRZdchjkhLNx4ZgIpn5KiJDLDHRpuCiKdHOV7ZMWhdV26raDdPmNZihAI7AKTgHNrgENXAL6qAJCLgHz+AFvMI3+A4/4ddsdQXOPYdgAfD7F1hurG4=</latexit><latexit sha1_base64="Zc5fHS2Y0lfeDVnFEsuGC6otDvo=">AAACLXicdVC7TsMwFLV5lvJqYQQhiwqJqUpYYKxgYWwl+pDaqHIcpzV1nMh2EFWUkZ0VfoK1P8KAhFgZ+AmctgNNxZEsHZ17z9XxcSPOlLasD7iyura+sVnYKm7v7O7tl8oHLRXGktAmCXkoOy5WlDNBm5ppTjuRpDhwOW27o5ts3n6gUrFQ3OlxRJ0ADwTzGcHaSK1GP3m00n6pYlWtKdAyseekUjueNH6eTib1fhmWe15I4oAKTThWqmtbkXYSLDUjnKbFXqxohMkID2jXUIEDqpxkGjdFZ0bxkB9K84RGU/WvI8GBUuPANZsB1kOVn2Xif7PsokrzKvEWpcwqla9yQbV/5SRMRLGmgsxy+jFHOkRZdchjkhLNx4ZgIpn5KiJDLDHRpuCiKdHOV7ZMWhdV26raDdPmNZihAI7AKTgHNrgENXAL6qAJCLgHz+AFvMI3+A4/4ddsdQXOPYdgAfD7F1hurG4=</latexit><latexit sha1_base64="Zc5fHS2Y0lfeDVnFEsuGC6otDvo=">AAACLXicdVC7TsMwFLV5lvJqYQQhiwqJqUpYYKxgYWwl+pDaqHIcpzV1nMh2EFWUkZ0VfoK1P8KAhFgZ+AmctgNNxZEsHZ17z9XxcSPOlLasD7iyura+sVnYKm7v7O7tl8oHLRXGktAmCXkoOy5WlDNBm5ppTjuRpDhwOW27o5ts3n6gUrFQ3OlxRJ0ADwTzGcHaSK1GP3m00n6pYlWtKdAyseekUjueNH6eTib1fhmWe15I4oAKTThWqmtbkXYSLDUjnKbFXqxohMkID2jXUIEDqpxkGjdFZ0bxkB9K84RGU/WvI8GBUuPANZsB1kOVn2Xif7PsokrzKvEWpcwqla9yQbV/5SRMRLGmgsxy+jFHOkRZdchjkhLNx4ZgIpn5KiJDLDHRpuCiKdHOV7ZMWhdV26raDdPmNZihAI7AKTgHNrgENXAL6qAJCLgHz+AFvMI3+A4/4ddsdQXOPYdgAfD7F1hurG4=</latexit><latexit sha1_base64="5Zt4vxtRmuBP7shXjjU5e8ao6aY=">AAACLXicdVDLSgMxFE181vpqdekmWARXJeNGl0U3LluwD2iHkslk2thMZkgyYhnmH9zqT/g1LgRx62+YaWdhp3ggcDj3nsvJ8WLBtcH4E25sbm3v7Fb2qvsHh0fHtfpJT0eJoqxLIxGpgUc0E1yyruFGsEGsGAk9wfre7C6f95+Y0jySD2YeMzckE8kDTomxUq8zTp9xNq41cBMvgNaJU5AGKNAe12F95Ec0CZk0VBCthw6OjZsSZTgVLKuOEs1iQmdkwoaWShIy7aaLuBm6sIqPgkjZJw1aqH8dKQm1noee3QyJmeryLBf/m+UXdVZWqb8q5ValA10KaoIbN+UyTgyTdJkzSAQyEcqrQz5XjBoxt4RQxe1XEZ0SRaixBVdtiU65snXSu2o6uOl0cKN1W9RZAWfgHFwCB1yDFrgHbdAFFDyCF/AK3uA7/IBf8Hu5ugELzylYAfz5BX9gqMM=</latexit>

Qx
<latexit sha1_base64="jeU3M5+nAOMhK+2ROQOonGSHSrc=">AAACLHicdVDLSsNAFL2pr1pfrS51MVgEVyVxo8uiG5ctmLZgQ5lMJu3QySTMTMQS8g1u9Sdc+yFuRARXfoeTtgvb4oGBw7n3XM4cP+FMadv+sEpr6xubW+Xtys7u3v5BtXbYUXEqCXVJzGPZ87GinAnqaqY57SWS4sjntOuPb4p594FKxWJxpycJ9SI8FCxkBGsjue1B9pgPqnW7YU+BVokzJ/XmyVv7GwBag5pV6wcxSSMqNOFYqXvHTrSXYakZ4TSv9FNFE0zGeEjvDRU4osrLpmlzdGaUAIWxNE9oNFX/OjIcKTWJfLMZYT1Sy7NC/G9WXFT5skqCRamwShWqpaA6vPIyJpJUU0FmOcOUIx2jojkUMEmJ5hNDMJHMfBWREZaYaNNvxZToLFe2SjoXDcduOG3T5jXMUIZjOIVzcOASmnALLXCBAIMneIYX69V6tz6tr9lqyZp7jmAB1s8vpNuqzg==</latexit><latexit sha1_base64="YerhbCXVpEN10eleP/BhCK3K8oA=">AAACLHicdVC9TsMwGLTLXyl/LYwgZFEhMVUJC4wVLIytRNpKbVQ5jtNadZzIdhBV1JGZFV6CuQ/CghArCy+B03agqTjJ0um+7z6dz4s5U9qyPmBhbX1jc6u4XdrZ3ds/KFcOWypKJKEOiXgkOx5WlDNBHc00p51YUhx6nLa90W02bz9QqVgk7vU4pm6IB4IFjGBtJKfZTx8n/XLVqlkzoFViL0i1fjJt/jydThv9Cqz0/IgkIRWacKxU17Zi7aZYakY4nZR6iaIxJiM8oF1DBQ6pctNZ2gk6N4qPgkiaJzSaqX8dKQ6VGoee2QyxHqr8LBP/m2UX1SSvEn9ZyqxSBSoXVAfXbspEnGgqyDxnkHCkI5Q1h3wmKdF8bAgmkpmvIjLEEhNt+i2ZEu18ZaukdVmzrZrdNG3egDmK4BicgQtggytQB3egARxAAAPP4AW8wjf4Dj/h13y1ABeeI7AE+P0L3KCsNA==</latexit><latexit sha1_base64="YerhbCXVpEN10eleP/BhCK3K8oA=">AAACLHicdVC9TsMwGLTLXyl/LYwgZFEhMVUJC4wVLIytRNpKbVQ5jtNadZzIdhBV1JGZFV6CuQ/CghArCy+B03agqTjJ0um+7z6dz4s5U9qyPmBhbX1jc6u4XdrZ3ds/KFcOWypKJKEOiXgkOx5WlDNBHc00p51YUhx6nLa90W02bz9QqVgk7vU4pm6IB4IFjGBtJKfZTx8n/XLVqlkzoFViL0i1fjJt/jydThv9Cqz0/IgkIRWacKxU17Zi7aZYakY4nZR6iaIxJiM8oF1DBQ6pctNZ2gk6N4qPgkiaJzSaqX8dKQ6VGoee2QyxHqr8LBP/m2UX1SSvEn9ZyqxSBSoXVAfXbspEnGgqyDxnkHCkI5Q1h3wmKdF8bAgmkpmvIjLEEhNt+i2ZEu18ZaukdVmzrZrdNG3egDmK4BicgQtggytQB3egARxAAAPP4AW8wjf4Dj/h13y1ABeeI7AE+P0L3KCsNA==</latexit><latexit sha1_base64="T1XjFJt/f1Va1qrGvO7kSNA+gZg=">AAACLHicdVDLSsNAFL2pr1pfrS7dDBbBVUnc6LLoxmULpi20oUwmk3boZBJmJmIJ+Qa3+hN+jRsRt36HkzYL2+KBgcO591zOHD/hTGnb/rQqW9s7u3vV/drB4dHxSb1x2lNxKgl1ScxjOfCxopwJ6mqmOR0kkuLI57Tvz+6Lef+JSsVi8ajnCfUiPBEsZARrI7ndcfacj+tNu2UvgDaJU5ImlOiMG1ZjFMQkjajQhGOlho6daC/DUjPCaV4bpYommMzwhA4NFTiiyssWaXN0aZQAhbE0T2i0UP86MhwpNY98sxlhPVXrs0L8b1ZcVPm6SoJVqbBKFaq1oDq89TImklRTQZY5w5QjHaOiORQwSYnmc0Mwkcx8FZEplpho02/NlOisV7ZJetctx245XbvZvivrrMI5XMAVOHADbXiADrhAgMELvMKb9W59WF/W93K1YpWeM1iB9fMLA6GoiQ==</latexit>
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x
<latexit sha1_base64="GBj9UtlWgMPXenMA275AXU88TGs=">AAACM3icdVDLSsNAFL2pr1pfrS51MVgEVyVxo8uiLly2YB/QhDKZTNqhkwczE7GE/IZb/QnBXxE3Im79BydtFzbFAwOHc++5nDluzJlUpvlulNbWNza3ytuVnd29/YNq7bAro0QQ2iERj0TfxZJyFtKOYorTfiwoDlxOe+7kJp/3HqiQLArv1TSmToBHIfMZwUpLtn1LucKoPUwfs2G1bjbMGdAqsRak3jx5a38CQGtYM2q2F5EkoKEiHEs5sMxYOSkWihFOs4qdSBpjMsEjOtA0xAGVTjoLnaEzrXjIj4R+oUIz9a8jxYGU08DVmwFWY1mc5eJ/s/yizIoq8Zal3CqkLwtBlX/lpCyME0VDMs/pJxypCOUFIo8JShSfaoKJYPqriIyxwETpmiu6RKtY2SrpXjQss2G1dZvXMEcZjuEUzsGCS2jCHbSgAwRieIJneDFejQ/jy/ier5aMhecIlmD8/AL5N616</latexit><latexit sha1_base64="1Yn4Um66yVVV1ng+UFIoKQcdedI=">AAACM3icdVDLSgMxFE181vpqdalIsAiuyowbXRZ14bIF+4DOUDJppg3NZIYkI5Zhlv6CW/0Job8i7sSd+A9m2i7sFA8EDufeczk5XsSZ0pb1DldW19Y3Ngtbxe2d3b39UvmgpcJYEtokIQ9lx8OKciZoUzPNaSeSFAcep21vdJPN2w9UKhaKez2OqBvggWA+I1gbyXFuKdcYNXrJY9orVayqNQVaJvacVGrHk8b308mk3ivDstMPSRxQoQnHSnVtK9JugqVmhNO06MSKRpiM8IB2DRU4oMpNpqFTdGaUPvJDaZ7QaKr+dSQ4UGoceGYzwHqo8rNM/G+WXVRpXiX9RSmzSuWrXFDtX7kJE1GsqSCznH7MkQ5RViDqM0mJ5mNDMJHMfBWRIZaYaFNz0ZRo5ytbJq2Lqm1V7YZp8xrMUABH4BScAxtcghq4A3XQBARE4Bm8gFf4Bj/gJ/yara7AuecQLAD+/AIxC67g</latexit><latexit sha1_base64="1Yn4Um66yVVV1ng+UFIoKQcdedI=">AAACM3icdVDLSgMxFE181vpqdalIsAiuyowbXRZ14bIF+4DOUDJppg3NZIYkI5Zhlv6CW/0Job8i7sSd+A9m2i7sFA8EDufeczk5XsSZ0pb1DldW19Y3Ngtbxe2d3b39UvmgpcJYEtokIQ9lx8OKciZoUzPNaSeSFAcep21vdJPN2w9UKhaKez2OqBvggWA+I1gbyXFuKdcYNXrJY9orVayqNQVaJvacVGrHk8b308mk3ivDstMPSRxQoQnHSnVtK9JugqVmhNO06MSKRpiM8IB2DRU4oMpNpqFTdGaUPvJDaZ7QaKr+dSQ4UGoceGYzwHqo8rNM/G+WXVRpXiX9RSmzSuWrXFDtX7kJE1GsqSCznH7MkQ5RViDqM0mJ5mNDMJHMfBWRIZaYaFNz0ZRo5ytbJq2Lqm1V7YZp8xrMUABH4BScAxtcghq4A3XQBARE4Bm8gFf4Bj/gJ/yara7AuecQLAD+/AIxC67g</latexit><latexit sha1_base64="63pUimZ/QqHyXxt6CuqYTzhHq4c=">AAACM3icdVDLSsNAFL2pr1pfrS7dDBbBVUnc6LKoC5ct2FZoQplMJu3QySTMTMQS+htu9Sf8GHEnbv0HJ20WNsUDA4dz77mcOX7CmdK2/WFVNja3tnequ7W9/YPDo3rjuK/iVBLaIzGP5aOPFeVM0J5mmtPHRFIc+ZwO/OltPh88UalYLB70LKFehMeChYxgbSTXvaNcY9QdZc/zUb1pt+wF0DpxCtKEAp1Rw2q4QUzSiApNOFZq6NiJ9jIsNSOczmtuqmiCyRSP6dBQgSOqvGwReo7OjRKgMJbmCY0W6l9HhiOlZpFvNiOsJ6o8y8X/ZvlFNS+rJFiVcqtUoSoF1eG1lzGRpJoKsswZphzpGOUFooBJSjSfGYKJZOariEywxESbmmumRKdc2TrpX7Ycu+V07Wb7pqizCqdwBhfgwBW04R460AMCCbzAK7xZ79an9WV9L1crVuE5gRVYP79X/as1</latexit>
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<latexit sha1_base64="WezgTDFTCZYPQA6nY+3bmBM3tMA=">AAACNXicdVDLSsNAFL3xWeOr1aWbwSK4Kokb3YhFNy4r2Ae0sUwmk3bo5MHMRCgh4Ge41Z/wE/wGF+7Erb/gJO3Cpnhg4HDuPZczx405k8qyPoyV1bX1jc3Klrm9s7u3X60ddGSUCELbJOKR6LlYUs5C2lZMcdqLBcWBy2nXndzk8+4jFZJF4b2axtQJ8ChkPiNYaenBTAcBVmPppzjLzGG1bjWsAmiZ2HNSv3o3L58AoDWsGbWBF5EkoKEiHEvZt61YOSkWihFOM3OQSBpjMsEj2tc0xAGVTlrEztCJVjzkR0K/UKFC/etIcSDlNHD1ZhGyPMvF/2b5RZmVVeItSrlVSF+Wgir/wklZGCeKhmSW0084UhHKK0QeE5QoPtUEE8H0VxEZY4GJ0kXnJdrlypZJ56xhWw37zqo3r2GGChzBMZyCDefQhFtoQRsICHiGF3g13oxP48v4nq2uGHPPISzA+PkF3qqt1A==</latexit><latexit sha1_base64="cy5AIGuq5k6x+SFPLjNPZb0MHYM=">AAACNXicdVC7TsMwFLXLq4RXCyOLRYXEVCUssCAqWBiLRB9SWyrHcVqrjhPZDlIV5T9YgY/gE/gExMCGWPkFnLQDTcWRLB2de8/V8XEjzpS27Q9YWlldW98ob1pb2zu7e5XqfluFsSS0RUIeyq6LFeVM0JZmmtNuJCkOXE477uQ6m3ceqFQsFHd6GtFBgEeC+YxgbaR7K+kHWI+Vn+A0tYaVml23c6Bl4sxJ7fLNuohe3q3msAqrfS8kcUCFJhwr1XPsSA8SLDUjnKZWP1Y0wmSCR7RnqMABVYMkj52iY6N4yA+leUKjXP3rSHCg1DRwzWYesjjLxP9m2UWVFlXiLUqZVSpfFYJq/3yQMBHFmgoyy+nHHOkQZRUij0lKNJ8agolk5quIjLHERJuisxKdYmXLpH1ad+y6c2vXGldghjI4BEfgBDjgDDTADWiCFiBAgkfwBJ7hK/yEX/B7tlqCc88BWAD8+QUtSK9I</latexit><latexit sha1_base64="cy5AIGuq5k6x+SFPLjNPZb0MHYM=">AAACNXicdVC7TsMwFLXLq4RXCyOLRYXEVCUssCAqWBiLRB9SWyrHcVqrjhPZDlIV5T9YgY/gE/gExMCGWPkFnLQDTcWRLB2de8/V8XEjzpS27Q9YWlldW98ob1pb2zu7e5XqfluFsSS0RUIeyq6LFeVM0JZmmtNuJCkOXE477uQ6m3ceqFQsFHd6GtFBgEeC+YxgbaR7K+kHWI+Vn+A0tYaVml23c6Bl4sxJ7fLNuohe3q3msAqrfS8kcUCFJhwr1XPsSA8SLDUjnKZWP1Y0wmSCR7RnqMABVYMkj52iY6N4yA+leUKjXP3rSHCg1DRwzWYesjjLxP9m2UWVFlXiLUqZVSpfFYJq/3yQMBHFmgoyy+nHHOkQZRUij0lKNJ8agolk5quIjLHERJuisxKdYmXLpH1ad+y6c2vXGldghjI4BEfgBDjgDDTADWiCFiBAgkfwBJ7hK/yEX/B7tlqCc88BWAD8+QUtSK9I</latexit><latexit sha1_base64="lHMpHR8Pr6SbsiNnsSx5adqX57I=">AAACNXicdVC7TsMwFL0urxJeLYwsERUSU5WwwFjBwlgk2iK1oXIcp7XqOJHtIFVR/oMVfoJvYWBDrPwCTpqBtuJIlo7Ovefq+PgJZ0o7zgeqbWxube/Ud629/YPDo0bzuK/iVBLaIzGP5aOPFeVM0J5mmtPHRFIc+ZwO/NltMR88U6lYLB70PKFehCeChYxgbaQnKxtFWE9VmOE8t8aNltN2StjrxK1ICyp0x03UHAUxSSMqNOFYqaHrJNrLsNSMcJpbo1TRBJMZntChoQJHVHlZGTu3z40S2GEszRPaLtW/jgxHSs0j32yWIVdnhfjfrLio8lWVBMtSYZUqVCtBdXjtZUwkqaaCLHKGKbd1bBcV2gGTlGg+NwQTycxXbTLFEhNtii5KdFcrWyf9y7brtN17p9W5qeqswymcwQW4cAUduIMu9ICAhBd4hTf0jj7RF/perNZQ5TmBJaCfX/wjrAc=</latexit>
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<latexit sha1_base64="yR0ooDyGuWvzGuBBIbkFAV5kGpI=">AAACPnicdVDLSsNAFL3xWeurVVy5CVbBhZTEjS6LunBZwT6gDWEymbRDJ5MwMxFKyMe41b3r/oY/4E5cCS6dtF3YFA8MHM6953LmeDGjUlnWu7Gyura+sVnaKm/v7O7tV6oHbRklApMWjlgkuh6ShFFOWooqRrqxICj0GOl4o9t83nkiQtKIP6pxTJwQDTgNKEZKS27lKO2HSA0lFuld5qbiQuIsK7uVmlW3pjCXiT0ntcbp99sEAJpu1aj2/QgnIeEKMyRlz7Zi5aRIKIoZycr9RJIY4REakJ6mHIVEOuk0f2aeacU3g0jox5U5Vf86UhRKOQ49vTkNW5zl4n+z/KLMiir2F6XcKmQgC0FVcO2klMeJIhzPcgYJM1Vk5l2aPhUEKzbWBGFB9VdNPEQCYaUbz0u0i5Utk/Zl3bbq9oNu8wZmKMExnMA52HAFDbiHJrQAQwrP8AKvxsT4MD6Nr9nqijH3HMICjJ9fovqyYA==</latexit><latexit sha1_base64="x6eo1Pl1CQ7M8h44bSGWx5uxaQs=">AAACPnicdVDLSgMxFE3qq7Y+WsWVm8EquJAy40aXRV24rGAf0A5DJs20oZkHSaZQwnyMW927FvwKf8CduFJcmpl2Yad4IHA4957LyXEjRoU0zTdYWFldW98obpbKW9s7u5XqXluEMcekhUMW8q6LBGE0IC1JJSPdiBPku4x03PF1Ou9MCBc0DO7lNCK2j4YB9ShGUktO5UD1fSRHAnN1kziKnwmcJCWnUjPrZgZjmVhzUmscfz2/TsrfTacKq/1BiGOfBBIzJETPMiNpK8QlxYwkpX4sSITwGA1JT9MA+UTYKsufGCdaGRheyPULpJGpfx0K+UJMfVdvZmHzs1T8b5ZeFElexYNFKbVy4YlcUOld2ooGUSxJgGc5vZgZMjTSLo0B5QRLNtUEYU71Vw08QhxhqRtPS7TylS2T9nndMuvWnW7zCsxQBIfgCJwCC1yABrgFTdACGCjwAB7BE3yB7/ADfs5WC3Du2QcLgD+/+hqz2g==</latexit><latexit sha1_base64="x6eo1Pl1CQ7M8h44bSGWx5uxaQs=">AAACPnicdVDLSgMxFE3qq7Y+WsWVm8EquJAy40aXRV24rGAf0A5DJs20oZkHSaZQwnyMW927FvwKf8CduFJcmpl2Yad4IHA4957LyXEjRoU0zTdYWFldW98obpbKW9s7u5XqXluEMcekhUMW8q6LBGE0IC1JJSPdiBPku4x03PF1Ou9MCBc0DO7lNCK2j4YB9ShGUktO5UD1fSRHAnN1kziKnwmcJCWnUjPrZgZjmVhzUmscfz2/TsrfTacKq/1BiGOfBBIzJETPMiNpK8QlxYwkpX4sSITwGA1JT9MA+UTYKsufGCdaGRheyPULpJGpfx0K+UJMfVdvZmHzs1T8b5ZeFElexYNFKbVy4YlcUOld2ooGUSxJgGc5vZgZMjTSLo0B5QRLNtUEYU71Vw08QhxhqRtPS7TylS2T9nndMuvWnW7zCsxQBIfgCJwCC1yABrgFTdACGCjwAB7BE3yB7/ADfs5WC3Du2QcLgD+/+hqz2g==</latexit><latexit sha1_base64="KljhSV67zNGjB73O1Q16MByPBAE=">AAACPnicdVDLSsNAFJ3xWeurVVy5GSyCCymJG10WdeGygn1AG8JkMmmHTiZhZiKUkI9xqz/hb/gD7sStSydpFjbFAwOHc++5nDlezJnSlvUB19Y3Nre2azv13b39g8NG86ivokQS2iMRj+TQw4pyJmhPM83pMJYUhx6nA292l88Hz1QqFoknPY+pE+KJYAEjWBvJbZyk4xDrqSIyvc/cVF4qkmV1t9Gy2lYBtErskrRAia7bhM2xH5EkpEITjpUa2VasnRRLzQinWX2cKBpjMsMTOjJU4JAqJy3yZ+jcKD4KImme0KhQ/zpSHCo1Dz2zWYStznLxv1l+UWVVlfjLUm6VKlCVoDq4cVIm4kRTQRY5g4QjHaG8S+QzSYnmc0Mwkcx8FZEplpho03heol2tbJX0r9q21bYfrVbntqyzBk7BGbgANrgGHfAAuqAHCEjBC3gFb/AdfsIv+L1YXYOl5xgsAf78AiTKr5E=</latexit>
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Coupled resonance
But depend on C

G. Franchetti 1.12.2022
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SPS campaign on May 2015

Experiment organized by F. Schmidt

1.12.2022G. Franchetti 44

Erroneously believed to be
observed in 2015...
the campaign was repeated
for 5 years before pinning it down ...

DANGER!
Fixed-lines
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Does fixed-lines play a role with space charge?

longitudinal motion is kept frozen, so to retrieve Poincare’ section orbits

1.12.2022
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Largest resonant orbits at 

1.12.2022

The two larger resonant 
orbits…

No doubt they have
a structure of fixed-lines

No 
chromaticity

z/�z = 0

G. Franchetti 46
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Largest resonant orbits at 

two larger resonant 
orbits: now the 
amplitude of the orbits 
is smaller, but still have 
the structure of fixed-lines

1.12.2022

No 
chromaticity

z/�z = 1/2

G. Franchetti 47
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Periodic crossing of fixed-lines

1.12.2022

Resonance 
crossing 
kicks are 
coupled 
in x-y

Scattering process

4 kicks per 
synchrotron
oscillation

G. Franchetti 48

Giuliano Franchetti, Simone Gilardoni, Alexander Huschauer, Frank Schmidt, Raymond Wasef Phys. Rev. Accel. Beams 20, 081006 (2017).
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Halo asymmetry explained 
with fixed lines

beam size

x - axes

y 
-a

xe
s

1.12.2022G. Franchetti 49
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Periodic “fixed lines” crossing, alias 
periodic resonance crossing

50

Qx + 2Qy = 19

Adiabatic limit

ax/!xax/!x

a x
/! y

a x
/! y

Scattering
(trapping)

G. Franchetti 1.12.2022
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Resonance compensation and SC
24/03/15G. Franchetti

51

1 second

A
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io

n

Qy

Tune ramp

Qx = 4.2  kept always constant

Q
y

Qx
Beam always coasting
Intensity low

G. Franchetti, S. Aumon, F. Kesting, H. Liebermann, C. Omet, D. Ondreka, R. Singh 2015Proc. of IPAC2015, Richmond, VA, USA - May 3-8, 2015, MOPJE073, MOPWA028, p. 159
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Experimental data

The resonance Qx + 2Qy = 11
24/03/15G. Franchetti
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Stop-band
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Driving term and beam loss
24/03/15G. Franchetti

53

Effective driving term

(K2,1,K2,2)
The pair 
(⇤,↵)

⇤2
eff = ⇤2 + ⇤2

e � 2⇤⇤e cos(↵� ↵e)

one pair of sextupoles

Reduction/cancellation of 
⇤eff

is equivalent reducing beam loss in the 
resonance crossing process
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Best correction achieved
24/03/15G. Franchetti
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This method is now routine at CERN à F. Asvesta IPAC22
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Summary of beam loss after 1 second as 
function of the machine tune

24/03/15G. Franchetti

Qx + 2 Qy = 11 2 Qy = 7
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Effectiveness of the compensation
24/03/15G. Franchetti
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Conclusion / Outlook

• A successful experiment-code benchmarking of the beam dynamics on the 3rd order 
coupled resonance is carried out for the full PS structure. 

• Outstanding asymmetric halo is formed  well retrieved by the simulations

• Thinking in terms of resonance detuning leads paradoxes

• The “fixed-lines” or tori are the new objects that explain the dynamics of diffusion in a high 
intensity bunch subject to a coupled resonance

• “Fixed lines” are experimentally measured in the SPS (not shown in this talk)

• Simulations show that the periodic crossing of the fixed-lines causes the 
asymmetric halo as result of fixed lines geometry. 

• Particle seems to diffuse to “one” fixed-line à adiabatic limit (explained!)

• à Strategies to mitigate particle diffusion: emittance-ratio vs resonance type

1.12.2022G. Franchetti 58
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