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In 1-2 sentences, summarize the content of this presentation 
(If relevant, specify type of facility, species, tune shift):
I review several proposed techniques to control the density and angular 
momentum of hadron beams for the purpose of space charge mitigation.

From your perspective, where is the gap regarding space charge effects? 
(understanding/control/mitigation/prediction/?)
How to increase the beam intensity in low-energy hadron rings

What is needed to bridge this gap? 
New lattice design (nonlinear optics, strong coupling) and beam shaping 
techniques (painting)

Summary slide, 5th ICFA mini-workshop on Space Charge
Theme: Bridging the gap in space charge dynamics
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Outline

• Angular-momentum-dominated (AMD) beams

• Self-consistent beams

• Beam shaping

• Questions/research directions
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AMD beams have small 4D emittance — can exist in round or flat state
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AMD beams have small 4D emittance — can exist in round or flat state
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AMD beams have small 4D emittance — can exist in round or flat state
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AMD beams could be useful in a hadron collider

https://cds.cern.ch/record/2693837/files/Poster-2019-858.pdf
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AMD beams could be useful in a hadron collider

https://cds.cern.ch/record/2693837/files/Poster-2019-858.pdf
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AMD beams could be useful in a hadron collider
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AMD beams could be useful in a hadron collider

https://cds.cern.ch/record/2693837/files/Poster-2019-858.pdf
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AMD beams could be useful in a hadron collider
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AMD beams could suppress particle-core resonances

𝑟!! + 𝑘 𝑠 𝑟 − 𝑃'
#/𝑟( = 𝑓(𝑟)
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• Angular-momentum-dominated (AMD) beams

• Self-consistent beams

• Beam shaping

• Questions/research directions
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Function of invariants:

Linear forces:

Self-consistent beam = Vlasov equilibrium with linear internal space charge forces
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The KV distribution is not the only solution

𝑓 𝒙, 𝒙! = 𝑔 𝐻) − 𝐻 5
*+"

,

𝛿 𝒆𝒊 8 𝒙 + 𝒆𝒊! 8 𝒙′{n, m} distributions:
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The KV distribution is not the only solution

𝑓 𝒙, 𝒙! = 𝑔 𝐻) − 𝐻 5
*+"

,

𝛿 𝒆𝒊 8 𝒙 + 𝒆𝒊! 8 𝒙′{n, m} distributions:

{n, 0} KV distributions
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The KV distribution is not the only solution

𝑓 𝒙, 𝒙! = 𝑔 𝐻) − 𝐻 5
*+"

,

𝛿 𝒆𝒊 8 𝒙 + 𝒆𝒊! 8 𝒙′{n, m} distributions:

{n, 0} KV distributions {n, n} vortex distributions
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• Inherits all properties of AMD beams

• Beam provides strong linear coupling in AG focusing

{2, 2} distribution — a uniform density, elliptical “vortex”
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Physically attractive due to minimized space charge tune shift/spread

Source: G. Franchetti, Space charge in circular machines, CERN Accelerator School
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Lack of higher-order multipoles may reduce nonlinear particle-core interactions

Source: G. Franchetti, Space charge in circular machines, CERN Accelerator School
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• Questions/research directions
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Elliptical painting: inject particles along eigenvector of ring transfer matrix

Mode 1 Mode 2

Planar

Circular

Elliptical
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Elliptical painting: inject particles along eigenvector of ring transfer matrix

Mode 1 Mode 2

Planar

Circular

Elliptical

𝒙 = 𝑅𝑒 𝑡𝑒%&'!𝒗𝒍
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{2, 2} Danilov distribution maintained throughout injection (with space charge)

Mode 1 Mode 2

Planar

Circular

Elliptical

𝒙 = 𝑅𝑒 𝑡𝑒%&'!𝒗𝒍
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Eigenvectors must self-consistently include linear coupling from space charge

𝑥!! + 𝑘(𝑠)𝑥 =;
.,,

𝐶., 𝑠 𝑥.𝑦,

Nonlinear perturbation 
from lattice/beam

𝜈"

𝜈#

Linear lattice
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Eigenvectors must self-consistently include linear coupling from space charge

𝑥!! + 𝑘"" 𝑠 𝑥 + 𝑘"( 𝑠 𝑦 =;
.,,

𝐶., 𝑠 𝑥.𝑦,

𝜈"

𝜈#
Beam changes eigenvectors

𝑥!! + 𝑘(𝑠)𝑥 =;
.,,

𝐶., 𝑠 𝑥.𝑦,

Linear lattice Nonlinear perturbation 
from lattice/beam
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Eigenvectors must self-consistently include linear coupling from space charge

Matched envelope at injection

𝜀( ≈ 𝜀)
𝜇( − 𝜇) ≈ 𝜋/2
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Eigenvectors must self-consistently include linear coupling from space charge

Matched envelope at injection Mismatched envelope at injection

𝜀( ≈ 𝜀)
𝜇( − 𝜇) ≈ 𝜋/2

𝜀( > 𝜀)
𝜇( − 𝜇) ≠ 𝜋/2
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Surprisingly, realistic SNS injection simulations preserve leading-order features
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Surprisingly, realistic SNS injection simulations preserve leading-order features

𝐶 =
𝜀#𝜀$
𝜀!𝜀"

≈ 0.6
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Questions/research directions

• Best-case performance of elliptical painting
• Reduction in tune shift/spread
• Minimum 𝐶 = 𝜀"𝜀#/𝜀%𝜀&

• Practicality
• Proof-of-principle experiment at the SNS
• Feasibility in collider complex

• Long-term beam stability
• Halo formation
• Acceleration, IBS
• Necessity of circular mode optics

• {3, 3} distribution?

• Theoretical studies?
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Extra slides
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AMD beams can be produced within a solenoid at the source

Strip in solenoid



3535



3636



3737



3838

Nonlinear fringe fields can degrade beam quality near difference resonance
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Linear coupling (split tunes) alleviates this problem
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Linear coupling can also be provided by the beam
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Uniform density ellipsoidal electron distributions can be generated with properly 
shaped laser pulses (the pancake regime)

[Citation]
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A more general KV distribution
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