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This lecture reviews the main features of beam-cavity interaction 

and stability conditions for most efficient operation. 

Introduction

▻ Some beam-cavity interactions are sought after (e.g., function that the 

rf cavity must fulfill); others, are a by-product and, if harmful, shall be 

mitigated.

▻ The beam can induce voltages in the rf cavities comparable in 

magnitude to generator-produced voltages. The so-called beam loading 

will determine the system design (cavity and subsystems) and settings 

required for optimal use of generator power. 

▻ The beam can feature a broad spectrum capable of exciting parasitic 

modes in the rf cavity. These modes can interact with the beam, 

degrading the beam quality and even compromising its stability. 

▻ The relevance of some beam-cavity aspects depends on:

– accelerator type (single/multi pass, NCRF / SRF)

– function of the rf system (acceleration, deflection, etc.) 

– beam characteristics (beam current, beam structure, etc.) 
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Two sources: 

▻ rf power generator

rf power coupled into cavity 

via the input coupler at a given frequency

▻ beam current 

passing bunches induce surface charges 

in the cavity walls and, in turn, voltage and

e-m fields with a broad frequency spectrum

How to Excite Cavity Modes?
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cavity fields affect the beam

beam affects the cavity fields

(reciprocity principle)

input 

coupler

rf 

cavity



Fundamental Theorem of Beam Loading

Proof applies to:

▻ Any single arbitrary cavity mode (by orthogonality principle)

▻ Both relativistic and non-relativistic charges                  

(since no assumption on particle velocity is made)

U1U2

Loss-free

cavity

λn/2

UC = 0

VC = 0

SourceWitness

qq

What is the self-induced voltage a particle sees

as it travels through a cavity?
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▻ Source particle induces voltage in cavity (VC = – VB)

▻ Source particle energy decreases (U1 → U1 – fqVB) 

while cavity energy increases (UC = fqVB)  

▻ Cavity energy also UC = αVB
2 ⟹ VC = – fq/α (by energy conservation)

UC = αVB
2 = fqVB

VC = – VB

U2 U1 – fqVB

qq

(– : decelerating)

Fundamental Theorem of Beam Loading
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After passage of source particle: 

Induced cavity voltage proportional to charge that produced it



U2 + qVB – fqVB

U1 – fqVB

UC = 0

VC = 0

qq

Half an rf period later, the cavity voltage phase changed by a factor p :

U1 + U2 = U1 – fqVB + U2 + qVB – fqVB ⟹ f = ½   (by energy conservation)

▻ The two induced voltages add out of phase and cancel out (VC = 0),                  

so cavity energy is zero (UC = 0).

▻ The witness particle energy is contributed by voltage induced from:

– source particle after half an rf period

– witness itself

Fundamental Theorem of Beam Loading
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factor f designating how 

much self-induced voltage 

sees the bunch itself



Fundamental Theorem of Beam Loading

Cavity serves to transfer energy from a particle to a later particle. 

Beam loading lowers accelerating gradient. 
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(when trailing the source particle by λn/2)  

(main principle for Energy Recovery Linacs)

Therefore:

▻ Energy lost by source particle is energy gained by witness particle: 

dU1 = – ½ qVB dU2 = + ½ qVB

▻ The self-induced voltage that the source particle sees is equal to 

half of the voltage that it induces on the cavity and decelerating. 



▻ An rf cavity can be electrically modelled as a parallel RCL circuit: 

Lumped Circuit Model for Resonant 
Cavity

E

B

𝐿 𝐶

𝑹 𝑹

𝝎𝟎 =
1

𝐿𝐶
𝑪 =

𝑄

𝜔0𝑅

𝑹

𝑸
= ൗ𝐿

𝐶 𝑳 =
𝑅

𝜔0𝑄

Z(𝜔) ≈
𝑅

1 − 𝑖 2𝑄
∆𝜔
𝜔0

𝑅

(in circuit convention)

▻ Three parameters are sufficient 

to describe a resonant mode: 

Cavity impedance:

where: ∆𝜔 = 𝜔0 − 𝜔

2𝜔1/2 𝜔1/2 =
𝜔0

2𝑄

Half-bandwidth:

0.7



How Strong is the Beam-Cavity 
Coupling?

A point-like charge 𝑞 induces voltage 𝑉𝑏

across the capacitor 𝐶 (the cavity gap): 

𝑉𝑏 = 𝑉𝑐 =
𝑞

𝐶
From lumped circuit model:

𝑉𝑏 = 𝑞𝜔0

𝑅

𝑄

The higher the rf-to-beam efficiency, the higher the beam loading.

𝐿 𝐶

q

𝑉𝑐𝐼𝑏

𝐼𝑏 𝑡 = 𝑞 𝛿(𝑡)

𝐶 =
𝑄

𝑅𝜔0
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𝑅



Energy Loss by Source Particle

The energy loss normalized to the 

charge is the parasitic loss factor:

𝑘𝑙 =
∆𝑈

𝑞2
=

𝜔0

2

𝑅

𝑄

∆𝑈 = −
1

2
𝑞𝑉𝑐 = −𝑞2 𝜔0

2

𝑅

𝑄

Energy induced in capacitor equal 

to energy lost by source charge 𝑞: 

Witness charge 𝑞′ passing through 

rf cavity after source charge 𝑞
will gain or lose energy: 

∆𝑈′ =
1

2
𝑞′𝑉𝑐(𝑡)

depends on 

time of arrival

𝐿 𝐶 𝑉𝑐𝐼𝑏

𝐼𝑏 𝑡 = 𝑞 𝛿(𝑡)

𝑅

𝜏 =
2𝑄

𝜔0

e
x

c
it

a
ti

o
n

Damped oscillation in lossy rf cavity excited by 

point-like charge at ultra-relativistic speed β~1 (*)

(*) No fields before particle arrives, w(𝑡 < 0) = 0, causality principle

Damping time:

𝜔0Osc. freq: 



From the point-like charge to the real 
bunch

W(s) = න

−∞

𝑠

𝜆 𝑠′ 𝑤 𝑠 − 𝑠′ 𝑑𝑠′

𝑘𝑙 = න

−∞

+∞

𝜆 𝑠 𝑊 𝑠 𝑑𝑠

Wake potential 𝐖 : convolution of 

normalized bunch charge density 𝜆 𝑠
and wake function w(𝑠)

Loss factor 𝐤 : 

energy loss normalized to the charge 

bunch length 

here considered
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w(𝑡) =
∆𝑈

𝑞𝑞′

Wake or Green function 𝐰 : energy gain/loss ∆𝑈
normalized for the point-like source charge 𝑞
and witness charge 𝑞′

Normalized bunch charge density for Gaussian bunch: 𝜆 𝑠 =
𝑐0

2𝜋𝜎𝑠
𝑒− Τ𝑠2 2𝜎𝑠

2



▻ To describe interaction between a charged particle and 

the rf cavity, a formalism exists for:

▻ Both wake and impedance are independent of the beam. 

Wakes and Impedances

wake function 𝐰 𝒕
(time-domain)

Impedance 𝐙(𝝎)
(frequency-domain)

[Ω]

[Ω/m]

[V]

[V/m]

w
t

ℱ𝑜𝑢𝑟𝑖𝑒𝑟
transform



Extend Circuit Model 
to Include Beam and Power Generator

The beam is equivalent to a generator: can absorb rf 

energy from cavity modes or deliver energy to them

rf cavity represented 

by RCL parallel circuit

𝑍𝑒

𝐿 ሚ𝐼𝑏

ሚ𝐼𝑏

beam

rf power 

generator

𝑅

ሚ𝐼𝑔

ሚ𝐼𝑟

coupler represented by 

transmission line

Use of complex numbers or phasors ෩𝑽 → 𝒆𝒊𝝎𝒕

to handle the variation with time and phase differences  

between excitations (beam, generator) and cavity response.



Adopt synchrotron phase convention.  
(For 𝜙 = 0, voltage is zero with positive slope) 

Assume operation above transition, 𝛾 > 𝛾𝑡; 

long. osc. stability requires 𝜙𝑠 ∈ [ Τ𝜋 2 , 𝜋]

Rotating Vectors or Phasors → 𝑒𝑖𝜔𝑡

▻ Frame rotates with rf cavity freq. 𝝎𝟎,                                                         

so phasors remain fixed in time

▻ The beam-induced current ሚ𝐼𝑖 has 

opposite sign to the beam current ሚ𝐼𝑏. 

Vectors ෨𝑰𝒊 and ෩𝑽𝒃 are in phase.

▻ ½ ෩𝑽𝒃 represents the self-induced 

voltage that a bunch actually sees

▻ Only the phasor’s projection to the  

real axis contributes to acceleration. 
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𝜙𝑠

𝑽 ∝ 𝐬𝐢𝐧 𝝓

𝑅𝑒+

෨𝑉𝑔

෨𝑉𝑐

ሚ𝐼𝑏

𝐼𝑚+

𝐼𝑚−

1

2
෨𝑉𝑏

𝜙𝑠

ሚ𝐼𝑖

(1/2 of the total voltage induced by the bunch in the cavity)



Transient Beam Loading

Single-passage bunch

▻ Voltage induced in rf cavity by the bunch: 𝑉𝑏 = 𝑞𝜔0

𝑅

𝑄

▻ Voltage seen by the bunch: ෨𝑉𝑐 = ෨𝑉𝑔 +
1

2
෨𝑉𝑏

(fundamental theorem of beam loading)
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adding vectors… 

phase matters 

𝑡𝑖𝑛𝑗 ≈ 𝜏

Pulsed NCRF structure
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no beam[A. Grudiev]

cavity filling

effect of beam injection 

(beam loading)



– field from previous bunch still present;

– induced voltages from each bunch accumulate

Train of equally-spaced, identical bunches

Each bunch will induce voltage in the rf cavity. 

▻ For 𝑻𝒃 ≫ 𝝉 =
𝟐𝑸

𝝎𝟎
: equivalent to single bunch case

▻ For 𝑻𝒃 ≲ 𝝉 =
𝟐𝑸

𝝎𝟎
:   

Tb
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Train of Bunches
V

o
lt

ag
e

(e.g. large Q cavities and dense beams)



Train of equally-spaced, identical bunches

Bunch 1: ෨𝑉𝑐 = ෨𝑉𝑔 +
1

2
෨𝑉𝑏

෨𝑉𝑐 = ෨𝑉𝑔 +
1

2
෨𝑉𝑏 + ෨𝑉𝑏𝑒−𝛿𝑒𝑗∆φ

෨𝑉𝑐 = ෨𝑉𝑔 +
1

2
෨𝑉𝑏 + … + ෨𝑉𝑏𝑒−(𝑛−1)𝛿𝑒𝑗(𝑛−1)∆φ

෨𝑉𝑐 = ෨𝑉𝑔 + ෨𝑉𝑏

1

1 − 𝑒−𝛿𝑒𝑗∆φ
−

1

2

from bunch 2

Bunch 2:

Bunch 𝑛 : 

With 𝑛 → ∞ :

from bunch 1

attenuation of 

induced voltage in 

lossy rf cavity:  
𝛿 =

𝑇𝑏

𝜏
=

2𝑄

𝜔0
𝑇𝑏

tan Ψ ≈ 2𝑄
∆𝜔

𝜔

oscilllation

evolution:   ∆φ = (𝜔 − 𝜔0)𝑇𝑏 =

= ∆𝜔
2𝜋

𝜔
≡

𝜋

𝑄
tanΨ

(stationary)

Train of Bunches



▻ The induced voltage from successive bunches adds up 

with pertinent magnitude and phase based on timing.

Bunch 1… 

Power generator voltage ෨𝑉𝑔 needs adjustment in magnitude and phase

to maximize energy transfer (generally solved by numerical evaluation)

and avoid or mitigate energy spread, phase excursion, synch. freq. shifts. 

Train of Bunches

… bunch 2… … bunch 3…
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Real ≠ Ideal
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[H. Damerau]

LLRF Controls are key to guarantee a smooth, 

stable operation of the system.

Even more so when dealing with a real beam which can feature:

▻Variations of charge from bunch to bunch

▻Abort gaps



▻ Linacs for 𝛃 ~𝟏 typically operate on resonance and 

on crest (ϕs = π/2) to maximize energy transfer.

▻ Linacs for 𝛃 < 𝟏 and circular machines typically 

operate off crest to ensure stability by adequately 

choosing synchronous phase for longitudinal focusing.
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Choice of Synchronous Phase ϕs



Stability of the Longitudinal 
Oscillation

Particles which deviate from the 

synchronous phase ϕs will be subject 

to a restoring force if synchrotron 

frequency 𝛀 is positive and real: 𝜙𝑠

𝑽 = 𝑽𝟎 𝐬𝐢𝐧 𝝓
(synchrotron 

phase convention)

Ω2 =
c0khηcfrev

c0p0
eV0 cos ϕs

Stability criteria: Ω > 0 ∈ 𝑅𝑒 (all other variables are positive)

𝛾 < 𝛾𝑡 𝜂𝑐 > 0 cos ϕs > 0 𝜙𝑠 ∈ [ Τ0, 𝜋 2]

𝛾 > 𝛾𝑡 𝜂𝑐 < 0 cos ϕs < 0 𝜙𝑠 ∈ [ Τ𝜋 2 , 𝜋]

where 𝛾𝑡
2 = 1/𝛼𝑐 and 𝜂𝑐 =

1

𝛾2 − 𝛼𝑐
Synchronous rf phase 

for stable phase focusing

depends on particle energy

For acceleration of particles with 

energy above transition

(choice of 𝜙𝑠 also determines rf bucket size!)



First Robinson Instability

▻ Arises from interaction between an rf cavity and

longitudinally-oscillating bunch around stable phase
(coherent dipole mode)

▻ Beam spectrum now features:

– Harmonics from train of bunches, ℎ𝜔
– Sidebands from oscillation, ±𝜔𝑠

∆𝐸

𝜙

𝜔𝑠
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𝜙

𝐼

ℎ𝜔𝑑

𝜔𝑠



▻ Robinson stability criterion 

imposes specific rf cavity tuning 

to ensure long. focusing: 

First Robinson Instability

Below transition (𝜂𝑐 > 0; cos ϕs > 0) Above transition (𝜂𝑐 < 0; cos ϕs < 0)

▻ For longitudinal focusing: Τ𝛼𝑠 ∝ 𝑍𝑟,ℎ
+ − 𝑍𝑟,ℎ

− 𝑐𝑜𝑠 𝜙𝑠 > 0

rf cavity 

impedance

mode

beam 

spectrum

STABLE UNSTABLE

UNSTABLE STABLE

ℎ𝜔

ℎ𝜔 + 𝜔𝑠
ℎ𝜔 − 𝜔𝑠

𝑍𝑟,ℎ
+

𝑍𝑟,ℎ
−

w0𝜔0 𝜔0

𝛾 < 𝛾𝑡 𝜔0 > ℎ𝜔

𝛾 > 𝛾𝑡 𝜔0 < ℎ𝜔

For Q >> 1, a cavity mode is likely to exclusively overlap with a single beam harmonic.



Steady State: Generator Power for Accelerating 
Mode
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𝑉𝑐

෨𝑉𝑐 = 𝑍𝑒 ( ሚ𝐼𝑔 + ሚ𝐼𝑟)

ሚ𝐼𝑔 − ሚ𝐼𝑟 − ሚ𝐼𝑏 = ሚ𝐼𝑐

ሚ𝐼𝑐

ሚ𝐼𝑐 = ෨𝑉𝑐

1

𝑅
+ 𝑖𝜔𝐶 +

1

𝑖𝜔𝐿
𝜔0 =

1

𝐿𝐶
with

where:

ሚ𝐼𝑏 = 2𝐼𝑏,𝑑𝑐 (sin 𝜙𝑆 + 𝑖 cos 𝜙𝑆)

▻ Define the complex phase of all waves such ෨𝑉𝑐 ∈ ℛ𝑒

▻ Use synchrotron phase convention: 

𝐼𝑔,𝑟 =
𝑉𝑐

2( Τ𝑅 𝑄)

1

𝑄0
±

1

𝑄𝑒
± 𝐼𝑏,𝑑𝑐 sin 𝜙𝑆 ± 𝑖 𝐼𝑏,𝑑𝑐 cos 𝜙𝑆 −

𝑉𝑐

Τ𝑅 𝑄

∆𝜔

𝜔0

with 𝑃𝑔,𝑟 =
1

2
𝑍𝑒 𝐼𝑔,𝑟

2
=

1

2
( Τ𝑅 𝑄)𝑄𝑒 𝐼𝑔,𝑟

2

▻ Assume infinite train of infinitely short bunches and CW operation:      

all dynamic variables proportional to 𝒆𝒊𝝎𝒕 (beam treated as AC current)



Two components: 

▻ To efficiently use the generator power for acceleration:

Active (resistive) Reactive

Cavity voltage and

generator current
in-phase out-of-phase

ቤ
Δ𝜔

𝜔0 𝑜𝑝𝑡

=
𝐼𝑏 Τ𝑅 𝑄

2 𝑉𝑐
cos 𝜙𝑆

– The optimal detuning increases with 𝑰𝒃 and decreases with 𝑽𝒄

– Its sign depends on operation being below or above transition:

1) Cancel reactive part by appropriately choosing Δ𝜔:

𝑃𝑔,𝑟 =
1

2
Τ𝑅 𝑄 𝑄𝑒

1

2

𝑉𝑐

( Τ𝑅 𝑄)

1

𝑄𝑒
∓

1

𝑄0
± 𝐼𝑏 sin 𝜙𝑆

2

+ 𝐼𝑏 cos 𝜙𝑆 −
𝑉𝑐

Τ𝑅 𝑄

∆𝜔

𝜔0

2

where ∆𝜔 = 𝜔0 − 𝜔

𝛾 < 𝛾𝑡 cos ϕs > 0 ∆𝜔 > 0 𝜔0 > 𝜔

𝛾 > 𝛾𝑡 cos ϕs < 0 ∆𝜔 < 0 𝜔0 < 𝜔

Steady State: Generator Power for Accelerating 
Mode



2) Make the reflection zero (𝑃𝑟 = 0) to match the resistive part; 

finds an optimal coupling: 

– As 𝜷 is typically (physically) fixed, the nominal 𝑰𝒃 that we define 

for operation will determine the optimal coupling 𝜷𝒐𝒑𝒕

– The choice of 𝑸𝑳 will also define the bandwidth 𝟐 × 𝝎𝟏/𝟐

for unavoidable frequency transits due to external perturbations 

(e.g. microphonics).

Steady State: Generator Power for Accelerating 
Mode

(For SRF, typically 𝑃𝑏 ≫ 𝑃0 ⇒ ȁ𝛽 𝑜𝑝𝑡 ≫ 1)

= 1 + 2
𝐼𝑏𝑅

𝑉𝑐
sin 𝜙𝑆 = 1 +

𝑃𝑏

𝑃0

ቚ𝛽
𝑜𝑝𝑡
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▻ The beam induces transient fields when 

travelling through a device which is:

– not smooth 

– not a perfect conductor

▻ The excited fields can feature a broad frequency spectrum, 

with maximum frequency set by the bunch length: 

shorter bunches feature a higher maximum frequency.

▻ Higher-order modes (HOM) can also get excited.

Which Modes Can the Beam Excite?

[J. Mitchell][J. Mitchell]

Measured spectrum of HL-LHC crab cavityLHC beam spectrum: 4σt = 1 ns

HOMs appear 

above fundamental 

mode at distinct well-

separated 

frequencies, with 

spectrum becoming 

denser at higher 

frequencies. 
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envelope 

width ~1/σt

line spacing 

1/Tb

obstacle

[B. Salvant]



excites monopole (m=0) modes which can 

impart acceleration/deceleration momentum

to the following bunches (tail) and 

are main contributors to power loss: 

excites azimuthally-varying modes which 

can impart a transverse momentum 

to the following bunches (tail), 

independently if these pass on- or off-axis: 

Which Modes Can the Beam Excite?

TM01-like

TM11-like

The beam can interact with the longitudinal component of the mode’s 

electric field, such that for passage of bunch (head): 

𝑘𝑙 = න

−∞

+∞

𝜆 𝑠 𝑊ȁȁ 𝑠 𝑑𝑠

𝑘⊥ = න

−∞

+∞

𝜆 𝑠 𝑊⊥ 𝑠 𝑑𝑠

On-axis

Off-axis

(kick factor)

(loss factor)



Short-Range Wakes

▻ Wake vanishes after short time 

of few bunch lengths: 

thus contributed by broad-band 

impedance (high Q), high 𝝎𝟎

▻ The leading particles of the bunch act on the trailing 

particles; these intra-bunch effects influence the 

dynamics of the bunch like:          

– Energy loss 

– Energy spread

– Head-tail coupling with transverse emittance growth

𝜏 =
2𝑄

𝜔0
≪ 4 𝜎𝑡

(longitudinal wake)

(transverse wake)
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[R. Wanzenberg]



▻ Wake damps slowly compared to bunch spacing:

thus contributed by narrow-band impedance                          

▻ A bunch acts on the following bunches, introducing  

inter-bunch effects like:

– Beam break-up (BBU)

– Multi-bunch instabilities in storage rings

Long-Range Wakes

𝜏 ≫ 𝑇𝑏

Single-mode long-range 

wake for Q>>1 modes: 
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[N. Shipman]

(high-Q modes 

in rf cavities)



▻A particle entering a cavity on-axis receives a 

transverse kick by a parasitic dipole mode in the cavity.

Beam Break Up (BBU)

E.g. Multiturn accelerator with SRF 

cavities like CBETA’s ERL

design orbit

offset orbit

cavity with parasitic

dipole mode

beam 

on axis

𝐼𝑡ℎ ∝ −
𝑝𝑐

𝑒 Τ𝑅 𝑄 𝑚𝑄𝐿,𝑚𝜔𝑚𝑀12

Lower threshold for modes with high frequency, 

high Q, high R/Q and low E particles

▻ In second pass, particle 

enters the cavity with 

transverse offset, further 

exciting the dipole mode. 

▻The process can continue 

until the particle is sent 

out of the allowed orbit.

▻Current threshold for transverse BBU:   

(for mode 𝑚)



Higher Order Modes

HOM power proportional to: 

▻ Bunch charge Qb and beam current Ib

▻ R/Q (cavity shape) and quality factor Q for each mode

▻ Beam harmonic frequencies (bunch length, beam structure)

Operation with large bunch intensities, short bunches        

(in the quest for high lumi) and high-Q cavities (SRF)  

leads to high HOM power available to:

▻ increase dynamic cryogenic losses: wall losses,    

cable and feedthrough heating (mostly from monopole modes)

▻ feed instabilities that deteriorate beam quality
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▻ Single bunch losses determine the average power loss:

▻ If frequency of a monopole mode coincides with a 

harmonic revolution frequency of the beam, fHOM = h/Tb, 

there is a resonance, and the power loss can be very high:  

𝑃 𝜔 ∝ 𝑍 𝜔 ሚ𝜆 𝜔 2

𝑃𝑙 =
𝑘𝑙𝑄𝑏

2

𝑇𝑏
= 𝑘𝑙 𝑄𝑏𝐼𝑎𝑣𝑒

𝑃𝑙 =
𝑅

𝑄0
𝑄𝑙 𝐼𝑎𝑣𝑒

2

𝑘𝑙 = 

𝑛

𝑘𝑙,𝑛 =
𝜔0,𝑛

2

𝑅

𝑄0 𝑛

(𝑛 modes)

where

A possible solution is to detune specific modes
(small volume perturbations will bring you far with high frequency modes)

In f-domain:     

Monopole Power
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(𝑄𝑙 ~ 𝑄𝑒 in SRF)



Control of Parasitic Modes

[M. Liepe, Cornell ERL]

▻ Not every cavity is required to operate on its 

fundamental mode; in such cases, damping of 

Lower-Order Modes (LOM) may be needed. 

Eventual Same-Order Modes (SOM) 

should also taken care of.

KEKB crab
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▻That is why most SRF cavities, 

which feature high Q, are 

equipped with components 

designed to extract and damp 

HOMs. 

Lower mode TM010 

damped through 

coaxial coupler

Squashed cavity 

shape to shift 

freq. of SOM



HOM Extraction And Damping

𝑎

Size and shape the beam pipe to:

▻ enable propagation of selected HOMs

▻ cut off propagation of fundamental mode

combined with beam-pipe absorbers

(ferrite, ceramic) to damp the power

▻ may require cooling

▻ avoid damping of fundamental mode          

by placing where fields are weak

fluttedenlarged

KEKB CESR
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CESR

𝑓𝑐,TE11 =
1.8412 𝑐0

2𝜋𝑎
(2𝑎 = 10 𝑐𝑚 → 𝑓 ~ 2 GHz)  



HOM Extraction And Damping

Or use HOM couplers:

▻Antenna couplers (electric, magnetic)

– filter to reject fundamental mode

– heating

▻Waveguide couplers

(Asymmetry of couplers 

can introduce kicks)
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≫ Can combine multiple methods per cavity,

for different modes and orientations

HL-LHC

LHC

TESLAJLEIC



▻ When designing a SRF system for particle accelerators, 
consider beam-cavity interaction early in design process. 
Various aspects of the beam-cavity interaction will drive 
design choices. 

▻ Beam-cavity interactions are stronger for higher current 
beams and can place severe restrictions to the beam current. 

▻ Beam loading will dictate the optimal settings of the cavity-
generator system. LLRF controls are crucial to ensure 
smooth, stable operation. 

▻ Excited fields can couple different parts of a bunch or 
different bunches. At high beam current, wake fields can 
lead to instabilities. Control of impedances is key. 

▻ This lecture is just a glimpse to the vast topic of beam-cavity 
interaction. The materials consulted for its preparation are 
listed below for those interested to explore further the topic. 

Summary
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Back-up slides



Assume a particle circulating around a ring of circumference 𝒞.
The momentum of the particle increases with each turn, with the 

revolution frequency 𝜔 changing as:  

For a particular energy: 𝛼𝑐 = 
1

𝛾𝑡
2 , where 𝛾𝑡 is the transition energy. 

How rev freq changes with particle 
momentum? 

𝜔 =
𝛽𝑐0

𝒞
→

𝑑𝜔

𝜔
=

𝑑𝛽

𝛽
−

𝑑𝒞

𝒞
→

𝑑𝜔

𝜔
=

1

𝛾2 − 𝛼𝑐
𝑑𝑝

𝑝

change in 

velocity:

change in 

orbit length:

𝑝 = 𝛽𝛾
𝐸0

𝑐0
→

𝑑𝑝

𝑝
= 𝛾2 𝑑𝛽

𝛽

𝑑𝒞

𝒞
= 𝛼𝑐

𝑑𝑝

𝑝
lattice dependent

(remember cyclotron: 𝑝 = qBR)

• Below transition (𝛾 < 𝛾𝑡): the revolution frequency increases as 

the particle momentum increases. 

• Above transition (𝛾 > 𝛾𝑡): the revolution frequency decreases 

as the particle momentum increases (the particle velocity does 

not increase significantly, while the orbit circumference grows)



Energy Loss and Energy Spread

▻Primary effect of longitudinal short-wakes (other 

than energy loss).  
Single-mode short-range wake: 

▻The shape of W(s) tells 

how much energy spread 

is introduced along the 

bunch and its distribution.
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