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OUTLINE

• European Spallation Source
• Cavity Modes

• Spoke Cavities
• Elliptical Cavities

• Influence of Parasitic Modes
• Same Order Modes (SOMs)
• Higher Order Modes (HOMs)

• HOM coupler designs
• Multipacting
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EUROPEAN SPALLATION SOURCE
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2.1 European Spallation Source

Figure 2.1: Block diagram of the ESS linac. The orange items are normal

conducting, while the blue items are superconducting.

Value Unit

Final kinetic energy 2.5 GeV

Current 50 mA

Pulse repetition rate 14 Hz

Bunch frequency 352.21 MHz

Average power 5 MW

Peak power 125 MW

Table 2.1: Main ESS linac parameters.

transport (MEBT) section. From here, the beam enters the superconducting

portion of the machine which consists of spoke (SPK) cavities, medium beta

(MB) elliptical cavities and high beta (HB) elliptical cavities. The cavities in

this section will immersed in liquid helium at a temperature of 2 K and are

discussed in more detail below.

Spokes: Two–spoke cavities operating at 352.21 MHz. This section acceler-

ates the beam from the exit of the DTL at 78 MeV to 200 MeV.

Medium β: Five–cell elliptical cavities operating at 704.42 MHz. The geo-

metrical beta of this section is still under discussion, but is likely to be

set at a value close to, βg = 0.65. In this section, the beam is accelerated

from 200 MeV to 628 MeV.

High β: Five–cell elliptical cavities operating at 704.42 MHz. As with the

previous section, the geometrical beta is still under discussion, but the

22
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CAVITY MODES

4

Thursday, 15 May 2014



Rob Ainsworth

PILLBOX CAVITY
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Ez(r, z, t) = R(r)eiwtTry simple azimuthally symmetric trial solution
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Boundary Condition: No tangential E field
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ACCELERATING MODE
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Ez = E0J0(krr) cosωt Bθ = −E0

c
J1(krr) sinωt

However, not the only mode . ..

Transverse Magnetic Mode (TM)
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HIGHER ORDER MODES

7

Higher
order

monopole

Dipole

Quadrupole

And many more...
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ELLIPTICAL CAVITIES
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βgλ/2

Two families of ellipticals
operating in 
π - mode  

@ 704.42 MHz

N coupled pillbox 
cavities

Modes split into 
passbands with differing 
phase advance per cell
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TEM RESONATOR
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λ/2

 
Figure 2: Side view and cut through beam height of the 

half wave resonator. 

 
Table 1: Geometrical Parameters and target values of the 

half wave resonator 

Parameter Value Unit 

Frequency 176 MHz 

Cavity height 835 mm 

Diameter of inner conductor 80 mm 

Diameter of outer conductor 180 mm 

Wall thickness 3 mm 

Cavity volume  17 l 

Accelerating length Lacc  99 mm 

Optimum β 9 % 

Geom. constant G = RS x Q0 24.5 Ω 

Shunt Impedance R/G 164 Ω 

Epeak / Eacc 2.9  

Bpeak / Epeak 2.1 mT/MV/m 

Bpeak / Eacc 6.2 mT/MV/m 

Uacc 0.845 MV 

Parameter Value Unit 

Epeak 25 MV/m 

Eacc 8.58 MV/m 

Bpeak 80 mT 

Q0 (4.4 K, low field) 1.1 x 109  

PBCS (Res = 10 nW),  
Epeak = 25 MV/m 

4.3 W 

Goal Pdiss, 
Epeak = 25 MV/m 

< 10 W 

Goal Q0  > 4.7x 108  
 

COUPLER 
A view of the coupler is shown in Figure 3. The coupler 

consists out of 2 coaxial RF windows with 
instrumentation ports. One window will be mounted 
directly to the cavity and cooled to 70 K. The other 
window is at room temperature and located at the top of 
the cryostat. The volume between the two windows is 
pumped through slits in the inner conductor by the 
insulation vacuum. For the foreseen beam current of up to 
4 mA, an external Q of 1.3 x 106 is needed. The power 
through each coupler is 4 kW at maximum cavity field 
and beam current. 

 

 
Figure 3: Drawing of capacitive coupler foreseen in the 

superconducting half wave resonator module. 

 

 

Traverse ElectroMagnetic Mode

Half-wave
resonator
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SPOKE RESONATORS
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Variant of TEM cavity

n stacked HWRs

Each spoke rotated by 90o
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THE NEED FOR 3 FAMILIES
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(R/Q)n(β) =

���
�∞
−∞ Ez,n(r = 0, z)eiωn

z
βc dz
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2

ωnUn

Thursday, 15 May 2014



Rob Ainsworth

THE NEED FOR 3 FAMILIES
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PARASITIC MODES
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MOTIVATION
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Beam induced modes in SCRF cavities may drive the beam unstable and 
increase the cryogenic load, therefore HOM couplers are usually installed 
to provide sufficient damping.

.....However, recent experience at SNS has shown couplers may be 
unnecessary and have degraded performance of the machine.

Questions:
Will SOMs mean the cavity design needs to be changed?
Does ESS need HOM couplers?

•Beam dynamics

•Power 

Simulations performed by myself

Simulations performed at CEA Saclay
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SAME ORDER MODES
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π-mode
352.21 MHz

0-mode
362.69 MHz

396.96 MHz

π/5 - mode
693.19 MHz

2π/5 - mode
696.30 MHz

3π/5 - mode
700.14 MHz

4π/5 - mode
703.2 MHz

π - mode
704.42 MHz

Close in frequency to accelerating mode
➡Cannot damp using couplers

Part of
same passband as 

fundamental

Same order, just 
different phase 

advance
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SAME ORDER MODES
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High R/Q with respect to accelerating mode
➡Modify geometric beta
➡Alter velocity partitioning
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SIMULATION INFO
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Simulate cavity 
geometries to 

extract field-maps

Determine R/Q, 
frequencies of 
modes below 

cutoff

Calculate the 
influence of modes 

of beam quality

Point-like
bunch

Drift Drift

Kick
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SIMULATION INFO

17

Point-like
bunch

Drift Drift

Kick

• 1 million point-like bunches tracked per 
linac

• SOM/HOM frequencies distributed with a 
gaussian spread

• σ = 1.09 x 10-3.|f0 - fhom|

∆E(m+1) = ∆E(m) +∆U (m)
RF +∆U (m)

n

∆t(m+1) = ∆t(m) + (dt/dE)(m)
E ·∆E(m)

∆Un = q(�(Vn) cos(ωndt)−�(Vn) sin(ωndt))−
1

2
∆Vq,n

∆Vq,n = −q
ωn

2
(R/Q)n(β)

Energy and time error calculated at each cavity with 
respect to synchronous bunch
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COMPARISON OF LINACS
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It is possible to design a linac susceptible to SOMs 
however the latest baseline shows no adverse effects
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CURRENT & DAMPING SCAN
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SOMs start to become problematic at ~90 mA

Td,n = 2QL,n/ωn ≈ 2QEX,n/ωn
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HIGHER ORDER MODES
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Need to determine if HOMs are a problem
Are HOM couplers needed?

fML = n · 352.21MHz

Thursday, 15 May 2014



Rob Ainsworth

CURRENT & DAMPING SCAN
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Away from a machine line, HOMs are of no concern
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HOMs should be at least 3 MHz away from
a machine line in cavity design

|fHOM − fML| > 3 MHz

fML = n · 352.21MHz
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DETUNING STUDIES
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WARMUP, COOLDOWN AND RETUNED
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HOM COUPLER STUDIES
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INITIAL DESIGNS
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Tesla Style

Designed by Rostock 
University

(C. Potratz, H.W. Glock)

Rescaled SNS 
coupler (R. Calaga)
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MULTIPACTING
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TRACK3P
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Define bounding box for emission

Particles emitted from centre of 
mesh elements within box

Occurs every 3.6o for 1 RF cycle

Particles tracked for a further 19 
RF cycles
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TRACK3P
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Upon impact with a 
surface

If phase conditions 
correct

Particle re-emitted 
normal to surface at 2eV

Particle survives more 
than 4 impacts

RESONANT

Note:  20RF cycles means cannot resolve trajectories higher 
than 5th order
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MULTIPACTING
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http://twiki.ph.rhul.ac.uk/twiki/pub/PP/Public/RobAinsworthRCDesign704/RC-Coupler-highQuality.mov
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MP IN TESLA STYLE
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MP IN TESLA STYLE
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MP IN ROSTOCK DESIGN
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MODIFICATIONS
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Tesla style

Hook design
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SUMMARY
• SOMs

• It is possible to design a linac susceptible to SOMs

• May baseline shows no problems up ~90 mA

• HOMs

• High R/Q modes are not a concern far from ML

• |fhom - fml| > 3 MHz

• HOM Couplers are not required!

➡Limits future flexibility (chopping schemes > 100kHz)

• Modified HOM couplers to reduce multipacting

35
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MODIFIED HOOK
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TRANSVERSE
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