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Focusing element
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s

X > 0
𝛼 < 0
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Defocusing element
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Reference frame of beam 
dynamics
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Ideal motion: linear around the reference orbit

x00 + kx(s)x = 0

x

y⇢

v

s

Harmonic oscillator: kx is the “strength” of the 
quadrupole. Set in LSA



LSA allows the settings of the 
elements strength: example
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Example from
H. Liebermann

Quadrupole correctors Sextupole correctors
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Phase advanceamplitude

K0 = const.

! =
p

K0

K0 > 0

K0 < 0

Stable motion

Unstable motion

initial
phase

x̂ =
p
�x✏x sin(!s+  0)

�x = 1/
p
K0

x̂

x00 + kx(s)x = 0



Coulomb Forces
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C. Coulomb

<latexit sha1_base64="byBNd86eb68iTsLcdDWLezwKwug="></latexit>

~F =
1

4⇡✏0

q2

|~r � ~r0|3
(~r � ~r0)

<latexit sha1_base64="p6loPEbiLfrff9ekSItNI+U/J+I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNREI8V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvjVFpHssnM0nQj+hA8pAzaqzU6o6RZffTXrniVt05yCrxclKBHPVe+avbj1kaoTRMUK07npsYP6PKcCZwWuqmGhPKRnSAHUsljVD72fzcKTmzSp+EsbIlDZmrvycyGmk9iQLbGVEz1MveTPzP66QmvPEzLpPUoGSLRWEqiInJ7HfS5wqZERNLKFPc3krYkCrKjE2oZEPwll9eJc2LqndVvXy8rNRu8ziKcAKncA4eXEMNHqAODWAwgmd4hTcncV6cd+dj0Vpw8plj+APn8wdo14+h</latexit>

~F

<latexit sha1_base64="txA03PzTytH9XVbJW+mgZ1b3RiY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZWrWL1fcqrsAWSdeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgTOSr1UY0LZmA6xa6mkEWo/W5w7IxdWGZAwVrakIQv190RGI62nUWA7I2pGetWbi/953dSEt37GZZIalGy5KEwFMTGZ/04GXCEzYmoJZYrbWwkbUUWZsQmVbAje6svrpHVV9a6rtcdapX6Xx1GEMziHS/DgBurwAA1oAoMxPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP6uzj80=</latexit>

~r
<latexit sha1_base64="lOnS00fZquoWf+lakrYYE4UN7lU=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9kPaUDbbSbt0Nwm7m0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSNsGG4EthOFVAYCW8Hobua3xqg0j6NHM0nQl3QQ8ZAzaqz01B0jy9S05/bKFbfqzkFWiZeTCuSo98pf3X7MUomRYYJq3fHcxPgZVYYzgdNSN9WYUDaiA+xYGlGJ2s/mB0/JmVX6JIyVrciQufp7IqNS64kMbKekZqiXvZn4n9dJTXjjZzxKUoMRWywKU0FMTGbfkz5XyIyYWEKZ4vZWwoZUUWZsRiUbgrf88ippXlS9q+rlw2WldpvHUYQTOIVz8OAaanAPdWgAAwnP8ApvjnJenHfnY9FacPKZY/gD5/MH1MeQcA==</latexit>

~r0



Total Coulomb Forces on one 
particle
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Mean field
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Close encounter 
(IntraBeam 
Scattering)



Regular Beam à transverse profile
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Horizontal / vertical

Gaussian profile

x

y

RMS beam size



Transverse space charge forces

9.11.21 G. Franchetti 13

Beam

infinitely long  àß infinitely long

transverse section

Space charge forces here are similar to those created by an ideal coasting beam



x

Space charge forces
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Force
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Effect of high intensity on optics
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x

Force
Look only at particles in the 
beam core

LINEAR DE-FOCUSING FORCE
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Naked lattice
(what one ion alone sees)

Focusing
Defocusing

Focusing

Focusing
Defocusing

Focusing

≈ ç

The beam acts, via space charge, 
on the core particles like a 
uniformly distributed 
defocusing quadrupole !!

Lattice with a High intensity beam
(what one particle in the bea center 
Sees)



Effect of high intensity on optics
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x00 + kx(s)x = 0Naked lattice

quadrupoles

High intensity beam: 
core particles

<latexit sha1_base64="Iz0t3haPsq1oFmk3nx95gjN2I0o=">AAACC3icbZDLSgMxFIYz9VbrbdSlm9AirahlRoq6EYrduKxoL9AOQybNtKGZC0lGpgzdu/FV3LhQxK0v4M63MW1noa0/BL785xyS8zsho0IaxreWWVpeWV3Lruc2Nre2d/TdvaYIIo5JAwcs4G0HCcKoTxqSSkbaISfIcxhpOcPapN56IFzQwL+Xo5BYHur71KUYSWXZej4uFuExHNpxSRzBGJ4qTO5qJ/F4dr+Chq0XjLIxFVwEM4UCSFW39a9uL8CRR3yJGRKiYxqhtBLEJcWMjHPdSJAQ4SHqk45CH3lEWMl0lzE8VE4PugFXx5dw6v6eSJAnxMhzVKeH5EDM1ybmf7VOJN1LK6F+GEni49lDbsSgDOAkGNijnGDJRgoQ5lT9FeIB4ghLFV9OhWDOr7wIzbOyeV6u3FYK1es0jiw4AHlQAia4AFVwA+qgATB4BM/gFbxpT9qL9q59zFozWjqzD/5I+/wBE72XSQ==</latexit>

x00 + kx(s)x� kSC,x(s)x = 0

quadrupoles Defocusing effect of 
Space charge
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Naked lattice

Focusing
Defocusing

Focusing

Focusing
Defocusing

Focusing

Optical functions

<latexit sha1_base64="1qpWVt+FAv4Iv/cOAltfdw7CxRo="></latexit>

�x

↵x

Dx

D0
x

Qx

�y

↵y

Qy

depends on 
local position
“s”

tune

depends on 
local position
“s”

tune
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Lattice with a High intensity beam

≈ ç

The beam acts, via space charge, 
on the core particles like a 
uniformly distributed 
defocusing quadrupole !!

<latexit sha1_base64="WJm2LZ8lbgrwttdvf/4Qt6PmQ18="></latexit>

�x

↵x

Dx

D0
x

Qx

�y

↵y

Qy

Modified Optical functions

depends on 
local position
“s”

“depressed” 
tune

depends on 
local position
“s”

“depressed” 
tune



The effect of the beam energy
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Velocity

Velocity

Current  I, but also sees a distributed charge

Coulomb force

At high energy the Magnetic force 
compensates the Coulomb force

At low energy there is no strong
magnetic force à Coulomb is strong!!

B

Magnetic force



Space charge tuneshift
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<latexit sha1_base64="WJm2LZ8lbgrwttdvf/4Qt6PmQ18=">AAACWHicbVFNT9tAEF0b0oCBNtAjl1WjCk6RjaLCEQGHHkFqACmOrPF6kqyyXlu7axTLyp9E4tD+lV66/pBKoSOt5um9N7Ozs3EuuDa+/9Nxt7Z7H/o7u97e/sHHT4PDo3udFYrhhGUiU48xaBRc4sRwI/AxVwhpLPAhXl3X+sMTKs0z+cOUOc5SWEg+5wyMpaJBFjY9KoXJxgtjXHBZgVJQbirREAaidRh6IYh82cKbaE3rdN Lmuza11pL+9ZatWnohyqRr6kWDoT/ym6DvQdCBIeniNho8h0nGihSlYQK0ngZ+bma2neFMoB2x0JgDW8ECpxZKSFHPquZRG/rVMgmdZ8oeaWjDvq6oINW6TGPrTMEs9VutJv+nTQszv5hVXOaFQcnai+aFoCaj9ZZpwhUyI0oLgCluZ6VsCQqYsX9RLyF4++T34P5sFHwbje/Gw8urbh075Jh8IackIOfkknwnt2RCGHkhv51tp+f8conbd3dbq+t0NZ/JP+Ee/QHf2LIa</latexit>

�x

↵x

Dx

D0
x

Qx

�y

↵y

Qy

Modified Optical functions

depends on 
local position
“s”

“depressed” 
tune

depends on 
local position
“s”

“depressed” 
tune

Optical functions
<latexit sha1_base64="1qpWVt+FAv4Iv/cOAltfdw7CxRo="></latexit>

�x

↵x

Dx

D0
x

Qx

�y

↵y

Qy

depends on 
local position
“s”

tune

depends on 
local position
“s”

tune

<latexit sha1_base64="MF5BwHDw9f4TffvaYUiF9U7wK2g=">AAACD3icbVC7TsMwFHV4lvAKMLJYVCAWqgRVwIJUAQNjK9GH1FaR49y2Vp2HbAdRRfkDFn6FhQGEWFnZ+BuctgO0HMny0Tn3YR8v5kwq2/42FhaXlldWC2vm+sbm1ra1s9uQUSIo1GnEI9HyiATOQqgrpji0YgEk8Dg0veF17jfvQUgWhXdqFEM3IP2Q9RglSkuuddS5Aa4IrrkP+BKbaWc8MhXgZ7mW4RNs6tu1inbJHgPPE2dKimiKqmt9dfyIJgGEinIiZduxY9VNiVCMcsjMTiIhJnRI+tDWNCQByG46Xp7hQ634uBcJfUKFx+rvjpQEUo4CT1cGRA3krJeL/3ntRPUuuikL40RBSCeLegnHKsJ5ONhnAqjiI00IFUy/FdMBEYQqHaGpQ3BmvzxPGqcl56xUrpWLlatpHAW0jw7QMXLQOaqgW1RFdUTRI3pGr+jNeDJejHfjY1K6YEx79tAfGJ8/HDma0g==</latexit>

�Qx = Qx �Qx

<latexit sha1_base64="3WMXmjoWm9yXza0KgNTdOaclVhE=">AAACD3icbVDLSgMxFM3UVx1fVZdugkVxY5mRom6Eoi5ctmAf0Cklk7nThmYeJBmhDP0DN/6KGxeKuHXrzr8x085CWw+EHM65j+S4MWdSWda3UVhaXlldK66bG5tb2zul3b2WjBJBoUkjHomOSyRwFkJTMcWhEwsggcuh7Y5uMr/9AEKyKLxX4xh6ARmEzGeUKC31S8fOLXBFcKM/xlfYTJ3pyFSAN8m0CT7Fpr77pbJVsabAi8TOSRnlqPdLX44X0SSAUFFOpOzaVqx6KRGKUQ4T00kkxISOyAC6moYkANlLp8sn+EgrHvYjoU+o8FT93ZGSQMpx4OrKgKihnPcy8T+vmyj/speyME4UhHS2yE84VhHOwsEeE0AVH2tCqGD6rZgOiSBU6QhNHYI9/+VF0jqr2OeVaqNarl3ncRTRATpEJ8hGF6iG7lAdNRFFj+gZvaI348l4Md6Nj1lpwch79tEfGJ8/IOma1Q==</latexit>

�Qy = Qy �Qy

Space charge tuneshift



Space Charge tuneshift
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<latexit sha1_base64="rNksV1SbcGt6wUgXqNF5+6xkMYU=">AAACIHicbZDLSgMxFIYzXut4q7p0EyyCqzJTi3UjFN0obirYC3RqyaRn2tBkZkwyQhn6KG58FTcuFNGdPo3pZaGtB0I+/v8ckvP7MWdKO86XtbC4tLyymlmz1zc2t7azO7s1FSWSQpVGPJINnyjgLISqZppDI5ZAhM+h7vcvRn79AaRiUXirBzG0BOmGLGCUaCO1s6VrfIZtL5CEpvf4aminBS9mHsSKceM7WGB6d4w9HzQZ3V0ihIFhO5tz8s648Dy4U8ihaVXa2U+vE9FEQKgpJ0o1XSfWrZRIzSiHoe0lCmJC+6QLTYMhEaBa6XjBIT40SgcHkTQn1His/p5IiVBqIHzTKYjuqVlvJP7nNRMdnLZSFsaJhpBOHgoSjnWER2nhDpNANR8YIFQy81dMe8SEpU2mtgnBnV15HmqFvHuSL94Uc+XzaRwZtI8O0BFyUQmV0SWqoCqi6BE9o1f0Zj1ZL9a79TFpXbCmM3voT1nfPxGAoR4=</latexit>

K =
qI

2⇡✏0mc3�3�3 K = perveance
εx , εy = rms emittance

Average rms horizontal
beam size

Average rms vertical
beam size



Space Charge tuneshift
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<latexit sha1_base64="rNksV1SbcGt6wUgXqNF5+6xkMYU=">AAACIHicbZDLSgMxFIYzXut4q7p0EyyCqzJTi3UjFN0obirYC3RqyaRn2tBkZkwyQhn6KG58FTcuFNGdPo3pZaGtB0I+/v8ckvP7MWdKO86XtbC4tLyymlmz1zc2t7azO7s1FSWSQpVGPJINnyjgLISqZppDI5ZAhM+h7vcvRn79AaRiUXirBzG0BOmGLGCUaCO1s6VrfIZtL5CEpvf4aminBS9mHsSKceM7WGB6d4w9HzQZ3V0ihIFhO5tz8s648Dy4U8ihaVXa2U+vE9FEQKgpJ0o1XSfWrZRIzSiHoe0lCmJC+6QLTYMhEaBa6XjBIT40SgcHkTQn1His/p5IiVBqIHzTKYjuqVlvJP7nNRMdnLZSFsaJhpBOHgoSjnWER2nhDpNANR8YIFQy81dMe8SEpU2mtgnBnV15HmqFvHuSL94Uc+XzaRwZtI8O0BFyUQmV0SWqoCqi6BE9o1f0Zj1ZL9a79TFpXbCmM3voT1nfPxGAoR4=</latexit>

K =
qI

2⇡✏0mc3�3�3
Relativistic gamma:
with high energy is large

The perveance is a combination of 

q = charge state
M = ion mass
𝛾, β <=> the beam energy
I       = beam current

Different beams can have the same Perveance !!!



Example
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<latexit sha1_base64="MDIriFy8k82sfmmGv2oyM6LTARY=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVol6EohePVewHtGvJptk2NMkuSVYpS/+HFw+KePW/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305uaXlldS2/XtjY3NreKe7uNXSUKELrJOKRagVYU84krRtmOG3FimIRcNoMhtcTv/lIlWaRvDejmPoC9yULGcHGSg933RQTMkaX6LSCRLdYcsvuFGiReBkpQYZat/jV6UUkEVQawrHWbc+NjZ9iZRjhdFzoJJrGmAxxn7YtlVhQ7afTq8foyCo9FEbKljRoqv6eSLHQeiQC2ymwGeh5byL+57UTE174KZNxYqgks0VhwpGJ0CQC1GOKEsNHlmCimL0VkQFWmBgbVMGG4M2/vEgaJ2XvrFy5rZSqV1kceTiAQzgGD86hCjdQgzoQUPAMr/DmPDkvzrvzMWvNOdnMPvyB8/kDpbSRUA==</latexit>

Racc = 34m

Energy  = 11.048 MeV/u

Silver:  Mass  107,   Charge +45

Number of particles = 109

<latexit sha1_base64="sKSEKRfeP5Abrtviq1VlUipkAEw=">AAACC3icbVC7SgNBFJ2NrxhfUUubIUGwkGVHorEJBG0sI5gHZEO4O5kkQ2Z215lZIYT0Nv6KjYUitv6AnX/j5FFo4oELh3Pu5d57glhwbTzv20mtrK6tb6Q3M1vbO7t72f2Dmo4SRVmVRiJSjQA0EzxkVcONYI1YMZCBYPVgcD3x6w9MaR6Fd2YYs5aEXsi7nIKxUjub83sgJeASJq5HSLF4iv37BDoZP2AGSp5LztvZvOd6U+BlQuYkj+aotLNffieiiWShoQK0bhIvNq0RKMOpYOOMn2gWAx1AjzUtDUEy3RpNfxnjY6t0cDdStkKDp+rviRFIrYcysJ0STF8vehPxP6+ZmO5la8TDODEspLNF3URgE+FJMLjDFaNGDC0Bqri9FdM+KKDGxpexIZDFl5dJ7cwlF27htpAvX83jSKMjlEMniKAiKqMbVEFVRNEjekav6M15cl6cd+dj1ppy5jOH6A+czx+Us5eZ</latexit>

� = 1.01177, � = 0.15

Perveance:
<latexit sha1_base64="P0bZqCxtv9QLuFAGEp+c2VeEJ5I=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR3DhMStFuhKIbwU0F+4B2LJk0bUMzmSHJCGWoG3/FjQtF3PoX7vwbM+0stPXAhcM593LvPX7EmdKu+23llpZXVtfy64WNza3tHXt3r6HCWBJaJyEPZcvHinImaF0zzWkrkhQHPqdNf3SV+s0HKhULxZ0eR9QL8ECwPiNYG6lrH9zAC4gcVIIdzQKqIHLvk9PKpNC1i67jTgEXCcpIEWSode2vTi8kcUCFJhwr1UZupL0ES80Ip5NCJ1Y0wmSEB7RtqMBmm5dMP5jAY6P0YD+UpoSGU/X3RIIDpcaBbzoDrIdq3kvF/7x2rPsVL2EiijUVZLaoH3OoQ5jGAXtMUqL52BBMJDO3QjLEEhNtQktDQPMvL5JGyUFnTvm2XKxeZnHkwSE4AicAgXNQBdegBuqAgEfwDF7Bm/VkvVjv1sesNWdlM/vgD6zPHwNilBI=</latexit>

K = 1.12⇥ 10�8 (no units, it is a pure
number)

à I = 1.5 mA
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Average beta functions

<latexit sha1_base64="8NLVfsdPPLfmYmGWQpQXhUTI42A=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjioiRS1I1QdOOyFfuAJoTJdNIOnUzCzERaQv7Bjb/ixoUibt2482+ctFlo64GBwzn3cOceP2ZUKsv6NpaWV1bX1ksb5c2t7Z1dc2+/LaNEYNLCEYtE10eSMMpJS1HFSDcWBIU+Ix1/dJP7nQciJI34vZrExA3RgNOAYqS05JmnTqTtPJ06PlEo88bwCpadQCCc3nkpwjjL0qY3zsqeWbGq1hRwkdgFqYACDc/8cvoRTkLCFWZIyp5txcpNkVAUM5KVnUSSGOERGpCephyFRLrp9KYMHmulD4NI6McVnKq/EykKpZyEvp4MkRrKeS8X//N6iQou3ZTyOFGE49miIGFQRTAvCPapIFixiSYIC6r/CvEQ6TqUrjEvwZ4/eZG0z6r2ebXWrFXq10UdJXAIjsAJsMEFqINb0AAtgMEjeAav4M14Ml6Md+NjNrpkFJkD8AfG5w8ftZ5Q</latexit>

�x =
Racc

Qx

<latexit sha1_base64="TlLxqEaHPznaYyrd8baHTny0D18=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjioiRS1I1QdOOyFfuAJoTJdNIOnWTCzEQIIf/gxl9x40IRt27c+TdO2iy09cDA4Zx7uHOPHzMqlWV9G0vLK6tr65WN6ubW9s6uubfflTwRmHQwZ1z0fSQJoxHpKKoY6ceCoNBnpOdPbgq/90CEpDy6V2lM3BCNIhpQjJSWPPPU4dou0pnjE4VyL4VXsOoEAuHszssQxnmetb00r3pmzapbU8BFYpekBkq0PPPLGXKchCRSmCEpB7YVKzdDQlHMSF51EklihCdoRAaaRigk0s2mN+XwWCtDGHChX6TgVP2dyFAoZRr6ejJEaiznvUL8zxskKrh0MxrFiSIRni0KEgYVh0VBcEgFwYqlmiAsqP4rxGOk61C6xqIEe/7kRdI9q9vn9Ua7UWtel3VUwCE4AifABhegCW5BC3QABo/gGbyCN+PJeDHejY/Z6JJRZg7AHxifPyLXnlI=</latexit>

�y =
Racc

Qy

à 8 m

à 10.4 m



Example

9.11.21 G. Franchetti 28

N particles = 1011

<latexit sha1_base64="DjROq1HCttCNp2AodAncGvagxtQ="></latexit>

✏x ✏y �Qsc,x �Qsc,y

5 5 �0.017 �0.02
30 15 �0.0035 �0.0057

N particles = 109

<latexit sha1_base64="lH5Z+rultYtP++voDd7uLfZ334I="></latexit>

✏x ✏y �Qsc,x �Qsc,y

5 5 �1.7 �2
30 15 �0.35 �0.57



Discussion
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Effective tunes of particle in the beam core
<latexit sha1_base64="Z4Bx3FIh1FYCeT2neqI/9jqrRYU=">AAACB3icbVDLSsNAFJ3UV62vqEtBBosgKCWRom6Eoi5ctmAf0IYwmU7aoZNJmJlIS8jOjb/ixoUibv0Fd/6NkzYLrR64cOace5l7jxcxKpVlfRmFhcWl5ZXiamltfWNzy9zeackwFpg0cchC0fGQJIxy0lRUMdKJBEGBx0jbG11nfvueCElDfqcmEXECNODUpxgpLbnmfsMdw0vYcJOxlcJj2LshTKHsLfHJOHXNslWxpoB/iZ2TMshRd83PXj/EcUC4wgxJ2bWtSDkJEopiRtJSL5YkQniEBqSrKUcBkU4yvSOFh1rpQz8UuriCU/XnRIICKSeBpzsDpIZy3svE/7xurPwLJ6E8ihXhePaRHzOoQpiFAvtUEKzYRBOEBdW7QjxEAmGloyvpEOz5k/+S1mnFPqtUG9Vy7SqPowj2wAE4AjY4BzVwC+qgCTB4AE/gBbwaj8az8Wa8z1oLRj6zC37B+PgGamOXyA==</latexit>

Qx = Qx0 +�Qsc,x

If 
<latexit sha1_base64="KtLXOiXG/H10NRBJCMB2sKrXGk4=">AAAB9XicbVDLSsNAFL3xWeur6tLNYBFchaTU10IounHZgn1AG8tkOmmHTiZhZqKW0P9w40IRt/6LO//GaZuFth64cDjnXu69x485U9pxvq2l5ZXVtfXcRn5za3tnt7C331BRIgmtk4hHsuVjRTkTtK6Z5rQVS4pDn9OmP7yZ+M0HKhWLxJ0exdQLcV+wgBGsjXRf66ZPzhhdobJdujztFoqO7UyBFombkSJkqHYLX51eRJKQCk04VqrtOrH2Uiw1I5yO851E0RiTIe7TtqECh1R56fTqMTo2Sg8FkTQlNJqqvydSHCo1Cn3TGWI9UPPeRPzPayc6uPBSJuJEU0Fmi4KEIx2hSQSoxyQlmo8MwUQycysiAywx0SaovAnBnX95kTRKtntml2vlYuU6iyMHh3AEJ+DCOVTgFqpQBwISnuEV3qxH68V6tz5mrUtWNnMAf2B9/gD2o5De</latexit>

Qx0 = 4.295
but 

<latexit sha1_base64="OaVac9C/ARZ1nFezpnkC8+6xFtU=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXGhISn0thKIuXLZgH9CGMJlO2qGTSZiZiCXUjb/ixoUibv0Ld/6N0zYLrR64cDjnXu69x48Zlcq2v4zc3PzC4lJ+ubCyura+YW5uNWSUCEzqOGKRaPlIEkY5qSuqGGnFgqDQZ6TpD67GfvOOCEkjfquGMXFD1OM0oBgpLXnmTueaMIVgzUslPrwfwQt4ZFul82PPLNqWPQH8S5yMFEGGqmd+droRTkLCFWZIyrZjx8pNkVAUMzIqdBJJYoQHqEfamnIUEummkw9GcF8rXRhEQhdXcKL+nEhRKOUw9HVniFRfznpj8T+vnajgzE0pjxNFOJ4uChIGVQTHccAuFQQrNtQEYUH1rRD3kUBY6dAKOgRn9uW/pFGynBOrXCsXK5dZHHmwC/bAAXDAKaiAG1AFdYDBA3gCL+DVeDSejTfjfdqaM7KZbfALxsc3QY+U1A==</latexit>

�Qsc,x = �0.295

Effective tune in the center of beam à Qx = 4  !!!!

Depressed
Tune

Machine
Tune

Space charge
tuneshift
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x

y
ΔQsc,x, ΔQsc,y

This particle makes 
large oscillations

It feels a smaller 
average particle density 

The space charge tuneshift
is weaker
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Different particles will feel different detuning

x

y

Qx
Q

y

bare 
tune

(very far away, ideal situation)

<latexit sha1_base64="OaVac9C/ARZ1nFezpnkC8+6xFtU=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXGhISn0thKIuXLZgH9CGMJlO2qGTSZiZiCXUjb/ixoUibv0Ld/6N0zYLrR64cDjnXu69x48Zlcq2v4zc3PzC4lJ+ubCyura+YW5uNWSUCEzqOGKRaPlIEkY5qSuqGGnFgqDQZ6TpD67GfvOOCEkjfquGMXFD1OM0oBgpLXnmTueaMIVgzUslPrwfwQt4ZFul82PPLNqWPQH8S5yMFEGGqmd+droRTkLCFWZIyrZjx8pNkVAUMzIqdBJJYoQHqEfamnIUEummkw9GcF8rXRhEQhdXcKL+nEhRKOUw9HVniFRfznpj8T+vnajgzE0pjxNFOJ4uChIGVQTHccAuFQQrNtQEYUH1rRD3kUBY6dAKOgRn9uW/pFGynBOrXCsXK5dZHHmwC/bAAXDAKaiAG1AFdYDBA3gCL+DVeDSejTfjfdqaM7KZbfALxsc3QY+U1A==</latexit>

�Qsc,x = �0.295

<latexit sha1_base64="qG+qwo2ISOxRDdIfcv2nGWquWnA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4kJJIUY9FPXhswX5AG8JmO2mXbjZhd1MIof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMCxLOlHacb2ttfWNza7u0U97d2z84tI+O2ypOJYUWjXksuwFRwJmAlmaaQzeRQKKAQycY38/8zgSkYrF40lkCXkSGgoWMEm0k37b7D8A1wU0/V/QSZ1PfrjhVZw68StyCVFCBhm9/9QcxTSMQmnKiVM91Eu3lRGpGOUzL/VRBQuiYDKFnqCARKC+fXz7F50YZ4DCWpoTGc/X3RE4ipbIoMJ0R0SO17M3E/7xeqsNbL2ciSTUIulgUphzrGM9iwAMmgWqeGUKoZOZWTEdEEqpNWGUTgrv88ippX1Xd62qtWavU74o4SugUnaEL5KIbVEePqIFaiKIJekav6M3KrRfr3fpYtK5ZxcwJ+gPr8weUUJL9</latexit>

�Qsc,y



The space charge tune-spread
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Example

Particle in the 
beam core



Space charge tunespread is a 
measure of the high intensity
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Rings

Linacs

<latexit sha1_base64="yx6FdQwT0u6wlrtjEX59UO4cCMY=">AAACC3icbZC7TsMwFIadcivlFmBksVohMUUJ4jogVbAwthK9SE0UOa7TWnUusp2qVZSdhVdhYQAhVl6AjbfBaTNAy5Fsffr/c2Sf34sZFdI0v7XSyura+kZ5s7K1vbO7p+8ftEWUcExaOGIR73pIEEZD0pJUMtKNOUGBx0jHG93lfmdMuKBR+CCnMXECNAipTzGSSnL1qu1zhNOmO8nUlU7MLIM30DSuod2n4xzOXb1mGuas4DJYBdRAUQ1X/7L7EU4CEkrMkBA9y4ylkyIuKWYkq9iJIDHCIzQgPYUhCohw0tkuGTxWSh/6EVcnlHCm/p5IUSDENPBUZ4DkUCx6ufif10ukf+WkNIwTSUI8f8hPGJQRzIOBfcoJlmyqAGFO1V8hHiIVjlTxVVQI1uLKy9A+NawL46x5VqvfFnGUwRGoghNggUtQB/egAVoAg0fwDF7Bm/akvWjv2se8taQVM4fgT2mfPx10mSc=</latexit>

Qx

Qx0
= 0.9÷ 0.95

<latexit sha1_base64="9rAB7PmyUVccVfyr3NqeGii9tQo=">AAAB/3icbVDJSgNBEO2JW4zbqODFS2MQPGiYkbhchKAePCZgFkiGoadTkzTpWejuEcOYg7/ixYMiXv0Nb/6NnWQOGn1Q8Hiviqp6XsyZVJb1ZeTm5hcWl/LLhZXVtfUNc3OrIaNEUKjTiEei5REJnIVQV0xxaMUCSOBxaHqDq7HfvAMhWRTeqmEMTkB6IfMZJUpLrrnTuQauCK65qaSH9yN8gY+s0olrFq2SNQH+S+yMFFGGqmt+droRTQIIFeVEyrZtxcpJiVCMchgVOomEmNAB6UFb05AEIJ10cv8I72uli/1I6AoVnqg/J1ISSDkMPN0ZENWXs95Y/M9rJ8o/d1IWxomCkE4X+QnHKsLjMHCXCaCKDzUhVDB9K6Z9IghVOrKCDsGeffkvaRyX7NNSuVYuVi6zOPJoF+2hA2SjM1RBN6iK6oiiB/SEXtCr8Wg8G2/G+7Q1Z2Qz2+gXjI9vRzuUVQ==</latexit>

�Qsc,x = �0.5

Phase advances rather than tunes

<latexit sha1_base64="WvJY6jaSHVTLqkzM1RxIpMfP7cQ=">AAACE3icbZC7TsMwFIYdrqXcAowsFhUSYqgSVLWMFSyMRaIXqYkix3Faq3YS2U7VKso7sPAqLAwgxMrCxtvgthmg5UiWP/3/ObLP7yeMSmVZ38ba+sbm1nZpp7y7t39waB4dd2ScCkzaOGax6PlIEkYj0lZUMdJLBEHcZ6Trj25nfndMhKRx9KCmCXE5GkQ0pBgpLXnmpRMKhDMnkdSb5Is7m1h5Dh1JObSqdegEdKyh4ZkVq2rNC66CXUAFFNXyzC8niHHKSaQwQ1L2bStRboaEopiRvOykkiQIj9CA9DVGiBPpZvOdcniulQCGsdAnUnCu/p7IEJdyyn3dyZEaymVvJv7n9VMVXrsZjZJUkQgvHgpTBlUMZwHBgAqCFZtqQFhQ/VeIh0iHpHSMZR2CvbzyKnSuqna9WruvVZo3RRwlcArOwAWwQQM0wR1ogTbA4BE8g1fwZjwZL8a78bFoXTOKmRPwp4zPH6a7nVM=</latexit>

 x

 x0
⇠ 0.6÷ 0.7



Mismatching issues
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<latexit sha1_base64="WJm2LZ8lbgrwttdvf/4Qt6PmQ18="></latexit>

�x

↵x

Dx

D0
x

Qx

�y

↵y

Qy

Modified Optical functions

depends on 
local position
“s”

“depressed” 
tune

depends on 
local position
“s”

“depressed” 
tune

εx, εy

is matched for the 
naked optics

Suppose a beam with

The beam is 
mismatched
with respect to the 
modified optics !!!!



The matching issue
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Space charge

Modified optics

Beam mismatched

Beam oscillations



Matched beam and high intensity
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Qx

Qy

turns

𝜺x

Beam emittance constant

Coasting beam

injection



Mismatched beam and 
high intensity

9.11.21 G. Franchetti 37

turns

𝜺x / X

Emittance 
growth

Effect is fast and depends on ΔQsc
and the “naked optics”

Coasting beam

Beam size
Beam growth

injection
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Issues

1) Space charge + resonances
in coasting beams

2) Space charge + resonances 
in bunched beams

3) Collective beam response 
to direct space charge forces ?

Resonances



Resonances and high intensity
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Qx

Qy

turns

𝜺x

Beam emittance constant

Coasting beam



Resonances and high intensity
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Qx

Qy

turns

𝜺x

resonance

Emittance 
growth

Effect is fast and depends on DQsc
and the “strength” of the resonance

Coasting beam



Intensity effect during bunching
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Beam loss mechanism
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Periodic crossing
of a resonance

z

x

Bare tune

Lattice error or 
Space Charge Structure 
Resonance

Slow halo
formation

If halo is too large  
slow beam loss 
take place

Pipe

z



Resonances and high intensity
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Qx

Qy

turns

𝜺x

resonance

Slow diffusion:
Emittance growth

Effect is fast and depends on DQsc
and the “strength” of the resonance
And the position of the tune with respect 
to the resonance

Bunched Beams



High intensity bunched beams 
and resonances @SIS18
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Measurements in SIS18

DQ ~ 0.05



@CERN-PS
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Acceleration
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During acceleration

Therefore the current increases
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Beam emittance becomes smaller. à the beam beomes smaller

(not obvious!)
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But, the space charge tuneshift become smaller !!

11 MeV/u

Due to the magnetic 
compensation of the 
coulomb forces



Summary
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- Space charge tune-shift is the measure of the “high intensity”;
- High intensity change machine+beam optics;
- A mismatched beam will create emittance increase;
- Overlapping of space charge tunespread will create emittance increase;
- For a bunched beam the overlapping of tunespread with a resonance;

will create a diffusional regime à beam loss;
- In a bunch compression the tunespread increases and may lead to 

resonance overlapping;
- During acceleration space charge tunespread dumps;

Not addressed:

- High intensity on the longitudinal dynamics;
- High intensity, dp/p and bunch compression; 
- Negative mass instability;
- Resistive wall instability;


