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 The first slides come from the presentation of the IMCC in 

June 2023.

 They sum up the issue.
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Introduction
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RF cavities for muon cooling cells

• Normal conducting cavities

• 𝑓 ~ 325 𝑀𝐻𝑧, 650 𝑀𝐻𝑧
• Short RF pulses (~𝜇𝑠)
• High acceleration gradients 

(~30 MV/m)

• High magnetic solenoidal 

field (up to14 T)

Creates problematics of break-down

that needs to be mitigated



 High acceleration gradients → Strong field emission.

 Strong magnetic field → Tends to focus the electron beam.

 Question: What is the consequence of the electron beam focusing on the cavity performances?
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What is the issue with strong magnetic fields?

We can assume that this generates high 

temperature increase locally.

Does this limit the maximal achievable

accelerating field?

We can assume that this generates high 

temperature increase locally.

Does this limit the maximal achievable

accelerating field?



 Effect of high solenoidal magnetic fields on breakdown voltages of high vacuum 

805 mhz cavities, TU204, LINAC 2004, Lübeck, Germany.
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A. Moretti, LINAC 2004.

Conclusion: « In general the breakdown limit is 

much lower when a solenoidal magnetic field is 

applied. In addition the dark current and x-ray 

emissions are much larger after the occurrence of 

sparking at very high electric and magnetic field 

levels […]. Even after long RF commissioning 

runs, the cavity does not return to the previous 

recorded low background level.

Figure from Moretti’s paper.



Some models to explain it

 A thermal model was proposed by different

laboratories:

 RB Palmer et al. RF Breakdown with

external magnetic fields in 201 and 805 

MHz cavities. PRAB, 12, 031002 (2009).

 D Stratakis et al. Effects of external

magnetic fields on the operation of high-

gradient accelerating structures, NIMA, 

620, 147-154 (2010).
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 General principle: the temperature rises at the 

focused point. If Δ𝑇 > 𝑇𝑠, where 𝑇𝑠 is a 

« safe » value, breakdown appears.

𝑇𝑠 = 2
1 − 𝜈 𝜎𝑡
𝐸𝛼𝑡ℎ

 Depends on the mechanical properties

(Poisson ratio 𝜈, elastic modulus 𝐸, yield

stress 𝜎𝑡).

 And the linear expansion of the material, 𝛼𝑡ℎ.
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Experimental study: D. Bowring, PRAB 23, 2020

 Pillbox cavity at 805 MHz. 

 Max available gradient: 50 MV/m.

 In a magnet field from 0 to 3.5 T. B-field parallel to Eacc.

 Two walls in copper or beryllium.

 Beryllium shows a higher « safe » Ts.

 On the left: diagram of the experimental device.

 On the right: predicted behaviour.



 Results from Bowring et al. PRAB 

23, 072001, 2020.
 Magnetic field affects significantly the performances 

(breakdown probability) of the full copper cavity.
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Conclusions

• The beryllium cavity is significantly better than

the copper cavity. And is not significantly

affected by the magnetic field.

• Magnetic field affects the trajectory of the 

electrons, as we can expect.



Shape of the 
cavity?

Cooling
temperature?

Pulse length?
Other

material?

Other
frequencies?
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A lot of questions



 Discussion about the pulse length

 Discussion about the material

 Discussion about the geometry of the cavity

 Pulse compressor ?

 RF test stand at Saclay ?
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Discussion about these results



 In a very general way, it was demonstrated that, the 

lower the pulse length, the better the gradient.

 On the right, SLAC report (ref SLAC-PUB-10463), by 

Steffen Döbert, RF Breakdown in High-Frequency

Accelerators, May 2004.

 X-band : 10 GHz.
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Pulse length
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C. Barbagallo presentation for WP8



 Very short pulses.

 High gradients.

 High magnetic field.
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Requirement:



 Some first simulations at CEA. See “Break-down mitigation solutions and test plan for muon 

cooling cells RF cavities” presented by C. Marchand at previous IMCC meeting (2022).

 Analytic formula presented by Sergey Arsenyev in 2022:

 It seems like, if 𝑡𝑝𝑢𝑙𝑠𝑒 is « low enough », the effect of the « beamlet » phenomenon would be

negligible. The acceptable 𝐵 becomes far higher than the requirement for the cooling cell.

 In the Bowring study, the pulse length was 20 µs. + 12 µs of filling/decay time.
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Short pulses

𝐵2 = 𝜌𝐶𝑠
2 1 − 𝜈 𝜎𝑡

𝐸𝛼𝑡ℎ
×

𝑒𝜋𝜉2

𝐼𝑒𝑚

1
3 𝑑𝐸

𝑑𝑧

×
1

tpulse Pulse length



 RF breakdown will occur during the « RF step » (bunch train), 

but also during the filling time and decay time.

 To reduce the filling time, we must increase the input power.

 To reduce the decay time, we must decrease the Q0 of the 

cavity.

 Reducing the bunch train has no effect on the breakdown risk

(as its duration is negligible).
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How to define the pulse length?
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After pulse RF breakdown

Example of study of 

breakdown during

the decay of the 

field. (> GHz).



 It seems clear that some materials are better

than other ones.

 Especially beryllium.

 See beamlet model:

 𝑇𝑠 = 2
1−𝜈 𝜎𝑡

𝐸𝛼𝑡ℎ

 We can try to find other materials that optimize

the « Ts »
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Material



 Electrical conductivity: 31.106 S.m−1 . Half of copper. (Not critical).

 Toxicity: Very high. See Berylliosis. Chronic lung diseases due to beryllium

poisoning. Well known carcinogen (CIRC 1).

 Mechanical properties: high young modulus (≃ 290 Gpa), low yield stress (≃
60 Mpa). Rigid and fragile.

 Cost? I do not know.
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About Beryllium



 In Bowring 2020, the cavity is a pillbox cavity.

 « Vicious circle » between the two flat 

surfaces.

 The area where the E-field is the higher, is the 

area where the electrons warm the surface.
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Geometry of the cavity
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Geometry of the cavity

𝐵

Electrons are emitted by the high E field area of 

surface 1… and hit the high E field area of surface 2.
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Electrons are emitted by the high E field

area of surface 1… and do not hit the 

high E field area of surface 2.

Pillbox. Large emitting area.

Elliptical.

Smaller emitting area. Asymmetrical
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Direction of the B field

𝐵

If the B field is not perfectly

parallel to the beam axis, 

the problem is maybe less

critical for « real cavities ».
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Cavity with a beam tube.

A small B field angle can

reduce the beamlet effect.

Perfect pillbox with no beam tube.

A small B field angle does not really

solve the issue.

Cavity design for a 

cooling cell by C. 

Barbagallo.



 For multicell cavities, the B field shape can be different for each cell.

 If the breakdown rate increase is highly dependent of the B field shape, maybe

some cells will be affected, and some cells will not.

 We are working, at CEA, on a simulation models with CST. (on-going)

 It would be interesting to have an idea of the cavity shape, and on the final B 

field shape, to do simulations of the electron trajectory.
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Multicell cavities



 We need very high power with very short pulses.

 This is typically an application for pulse compressors.
 Illustrations: SLAC, Z. D. Farkas, 1974, SLED : A method of doubling SLAC’s energy.
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Pulse compressor



 Generally developped for far higher frequencies (> 1 GHz).

 New developments required for lower frequencies.

 Seems to be an interesting topic to work on.
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Pulse compressor



 RF breakdown in a gas is very different of RF breakdown under vacuum.

 In a gas, the « dynamic » of the breakdown is described by the plasma physics.

 For now, we did not work about this topic but:

 On one hand, it seems that the magnetic field should not affect the 

breakdown limit.

 On the other hand, it makes the design of the system far more complicated

and has certainly a lot of other impacts on the beam dynamics, etc.

25

Last point: Filling the cavity with a gas



Possible RF breakdown test stand at CEA
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CPI VKP7952A 1.2 MW peak

Thales 2182A 1.6 MW peak

7m

cavity

Klystrons (f=704 MHz)Magnet

(MICE 4T)

Already exists

To build

2.8 MW

pulse 

compressor

Bunker (radiation and B shielded)

magic 

tee

Guillaume Ferrand / MC collaboration 
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Questions ?


