High Intensity Beam Physics

& Introduction to beam physics and accelerator physics.
& Particle and envelope dynamics.
& Vlasov-Maxwell theory for high intensity beams.

& Beam equilibrium and stability

Textbook:

An Introduction to the Physics of Intense Charged Particle Beams in High
Energy Accelerators, R. C. Davidson and H. Qin, World Scientific (2001)




Beam physics application --- particle physics

Large Hadron Collider
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Beam physics application --- modern high intensity accelerators
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Beam physics application --- light source
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Beam physics application --- heavy ion fusion
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Beam physics application --- high energy density physics
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& Accelerators
» Induction accelerators (betatron, induction linac)
» RF accelerators (cyclotron,synchrotorn )

& Collider and storage rings M

& Acceleration

a Stability M Modern accelerators are high intensity!

& Focusing M

» Cooling




Transverse dynamics of a single particle

Why need transverse focusing?

e

Perturbed orbit without focusing

\ 4



Quadrupole FODO lattice










Relativistic Hamiltonian in EM field
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Why has it to be the canonical momentum P ?
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Orbit Equations in the Paraxial Approximation |57, pi’ (p, —p,) < p;
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Quadrupole FODO lattice
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Transverse dynamics in quadrupole field (no space-charge effect)
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Courant-Snyder theory

z'(s) = Aww; cos(ww + gpxo) — Awwxzp; sin(ww + gpxo)

z"(s) = A, [w, —w, (¥))]cos (¥, + @,)
—A [wb, + (w,)) ]sin(y, +¢,)

Envelop Eq. w;’(s) + K, (S)wx (s) = w;?’ (s)




Courant-Snyder Invariant
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What’s the Courant-Snyder theory about?

Given a focusing lattice, solve once:

Birkhoff (1908)
w’(s) + k_(s)w (s) = w > (s),

then every particle's orbit is known.

Courant (1958)



Transverse dynamics in quadrupole field (with space-charge effect)
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Poisson’s equation for self-field
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Transverse dynamics in quadrupole field (no space-charge effect)
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Const.

Envelope Eq. v

z(s) ?Axwx (s) COS[%SS) + 903;0]

phase
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Phase advance




FODO Lattice
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Numerical solutions of envelope egs.
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Smooth focusing model for periodic focusing lattice
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Smooth focusing approximation




Equilibrium beam size
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Gyromotion in time-dependent field

.._
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A
B(t,x)

There is an exact invariant of magnetic moment
similar to the Courant-Snyder invariant.

An Ezact Magnetic Moment Invariant of Charged Particle Gyromotion,
H. Qin and R. C. Davidson, Physical Review Letters 96, 085003 (2006).



Gyromotion in time-dependent field

Theorem 1. For an arbitrary function «(t) and w;, w,

satisfying
5‘1
Wl + KW]. — _3,
Wl
i
W2 + KWZ — EE
W2

where g, and ¢, are real constants, the quantity
2 2
W, W, ) . 2
I :‘91 — +82 — +(W2W1_W2W1)
W2
IS an invariant.
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