Accelerating cavities

1933: J.W. Beams uses resonant cavities for acceleration

Traveling wave cavity:
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Phase focusing

1945: Veksler (UDSSR) and McMillan (USA) realize the importance of phase
focusing

voltage

AK =qU(t) =qU . sm(o(t—1,) +y,)

time

- Longitudinal position in the bunch:

t

O=85—8,=—V,(t—1t,)
AK(0)=qU,,,, sin(~ (s—5,)+ )

Vo

AK(0) >0 (Acceleration)
AK (o) < AK(0) for 0 > 0= -~ AK(0) <0 (Phase focusing)

qU(t)>0 T
d W, € (Oa _)
9 i U()>0 2 Phase focusing is required
in any RF accelerator.
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Longitudinal phase space in a Linac

| dE  ~ Reference particle: %:ECOSQ)
Other particles: e = Ecos® ds ’
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Stability for small phases when the factor on the right-hand side is negative
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For not very small phases one cannot linearize.
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Longitudinal phase space in rings

Reference particle: dE,

Other particles: dk — Fcos® s = Ecos®,
ds
p=0-D, = (-1,
do

o IE%(COS(CDO +¢)—cosCDO)z — Eiosin(l)o

: d . :
Momentum compaction a = %é, closed orbit length change with momentum.

a9 _ _ — (E_@)_ (L_O Lo _ﬂ)_w_LO( d_P_d_”)_ “)LO( _i)
ds—oo(t ty) = W T T =w(ta dp o) = o apo o) = a2 a—; 1)

Stability for small phases when the factor on the right-hand side is negative.
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Transition energy and phase focusing

Stability for small phases when the factor on the right-hand side is negative.

d2—¢ C()LO ( 1
ds2 Vo BE

a— ﬁ) sing,

For only natural ring focusing, p <« p = a = 1. For stronger focusing, a < 1.

Forsmall y, a — yiz < 0 and ¢,€[0, ] leads to a stable phase.

Forlarge y, a — yiz < 0 and ¢e€|m, 2] leads to a stable phase.

At the transition energy, one must jump the RF phase by 7. This jump doers not have
to happen very quickly, because at that energy, phases hardly change because of

d*¢
ds?
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Accelerating Iongi}gg!_iﬂr_‘n'al phase space

For not very small phases one cannot linearize.
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The effective accelerating potential
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Radiative damping of the transverse emittance

S ) AR S Photon
N Tyl _~—T - E
\/?' W o (5)4 1) Energy emission:
: b Damping of the beam size

2) Stochastic emission:
Excitation of the beam size

damped

// 7}_ / _ (f;) emittancﬁ

emittance
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Radiative excitation of the transverse emittance

A

Smaller emittance

Smaller dispersion

s /Dispersion: N
closed path for an \
off-energy particle ~  Path for smaller energy

S
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Radiative damping of the longitudinal emittance

1) Energy emission: Particles with larger energy radiate more, leading them closer to the average energy.

2) Stochastic emission: Random noise in the energy of emitted photons lead to an energy spread.

—>

The equilibrium of the two effects leads to an equilibrium longitudinal emittance.

The damping time is the time it takes to radiate off the energy of the beam, while it is kept at constant
energy with RF cavities. It is usually a few 100 revolutions.

During this damping time the beam forgets its history, particle coordinates are reshuffled within the beam.

National Laboratory
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Radiative production by electrons

bending radius

accclerating
force

radiation field

magnet poles
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Radiative production in undulators

undulator period

When the light wave passes the
electron beam by half a wavelength
per half beam oscillation, the
radiation from each beam oscillation
adds.

Vv electron trajectory

e

4
Similar adding can happen

X : for 3, 5, 7, etc. half beam
: oscillations. For every

> strong frequency there are
odd order harmonics.

light wave
E g
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Coherent addition of radiation

(S

Ex cAt=%+nodd EA
\/ E}V \/ light wave

My s = A=tA‘u(_f;:—l)
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Coherent addition at angles

\‘l~
\*l\ cAt = A cosg+ A A, L~ 2, cosg
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Radiation production at angles

).=%/1u(%—cos¢4

Longer wavelength for larger angles.
Odd and even harmonics off axis.

AT
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Lasing at the JLAB FEL

Wiggler gap
High Reflector

Hole Outcoupler
Beam in control room

] National Laboratory
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Radiative from bending magnets

Angnler Spectral Fhux (photons per s rad® herdwicth)
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Photon flux from bends and undulators

Angular Spectral Flux (Ph pers mrad® 0.1% BW) Angular Spectral Flux (Ph per s mrad® 0.1% BW )
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The umbrella of N-pole undulator radiation

w!

Angular Spectral Flux (Ph per s mrad® 0.1 BW)

»

B 06 N

Flux from N poles is N times
the flux from one pole

total

AT
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The umbrella of N-pole undulator radiation

¥

LxN — AtcN — Awx N~'  Angular Spectral Flux (Ph per s mrad? 0.1% BW)

N-1

F

x N

Flux from N poles is N times
the flux from one pole

total
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The umbrella of N-pole undulator radiation

¥

LxN — AtcN — Awx N~'  Angular Spectral Flux (Ph per s mrad? 0.1% BW)

N-1

N-1/2

F

total o N

The power in the central Flux from N poles is N times
cone is in dependent of N the flux from one pole
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Brightness reduction by beam properties

47,

Widening due to beam
energy spread: Uncritical if

energy spread < L
gy Sp N
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Brightness reduction by beam properties
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Widening due to beam Widening due to beam
energy spread: Uncritical if divergence: Uncritical if
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Brightness reduction by beam properties

W
W2
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Widening due to beam Widening due to beam
energy spread: Uncritical if divergence: Uncritical if
1 . 1
ener read < — divergence <
ety | N
Y Yy
F_ie[d frqm a single electron cannot be_ spot size < — A
distinguished from field from a spot with: divergence
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Brightness reduction by beam properties

W 1)

W

Widening due to beam Widening due to beam
energy spread: Uncritical if divergence: Uncritical if
1 . 1
energy spread < — divergence <
ey S| N
Y Y

Fie[d frqm a single electron cannot be_ spot size < A
distinguished from field from a spot with: divergence

To take advantage of many undulator poles, the electron beam needs to
| have little energy spread, little divergence, and small beam size.
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