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Summary

• Cooling channel description and principle overview
• Cooling channel main elements
• RF cells and main parameters
• A first prototype of 3 cavity RF cell structure for the demonstrator
• Technological issues and test stand to obtain experimental data



Muon collider and RF system challenges

The main challenges of a muon collider design are those arising from the short muon lifetime,
which is 2.2 μs at rest, and the difficulty of producing large numbers of muons in bunches with small
emittance. 

The purpose of the cooling cell is to provide a reduction of the normalized transverse emittance by 
almost three orders of magnitude (from 1 × 10−2 to 5 × 10−5 m-rad), and a reduction
of the longitudinal emittance by one order of magnitude of the Muon Beam generated by the collision 
of a proton beam with a production target, resulting in a shower of pions that will then decay into 
muons. Pions are generated with a large angular spread, and a large momentum spread as well. 



HG
20

23
 –

IN
FN

 F
ra

sc
at

i 1
6-

20
 O

ct
ob

er
 2

02
3

Cooling Cell Scheme

Call: [HORIZON-INFRA-2022-DEV-01] — [Developing the European research infrastructures landscape, maintaining global leadership (2022)] 
 EU Grants: Application form (HE RIA/IA): V1.2 – 25.05.2021 

 
Part B - Page 5 of 45 

The proton complex produces a short, high intensity proton pulse that hits a target and produces pions. The decay 
channel guides the pions and collects the muons produced by their decay into a buncher and phase rotator system to 
form a muon beam. A high muon beam brightness is mandatory to deliver the largest number of particle collisions. 
This implies that a large proton beam power is driven onto the pion production target to make the largest possible 
number of pions and, following decay of the pions, muons. The muon collider design foresees a state-of-the-art 
proton complex, capable of delivering up to 5MW of proton beam power at less than 5 GeV. This parameters are in 
line or only slightly beyond existing or approved pulsed proton driver facilities but crucially, the muon collider 
requires protons to be delivered at the target in an extremely short pulse, around 1 ns long, so that the resultant muon 
beam is also very short and can be subsequently captured in a suitable RF system. Compression of the proton bunch 
in such a short pulse will require an advanced arrangement of RF cavities. The overall efficacy of such a system is 
constrained by the self-repulsion of the protons due to space charge. 

The following cooling section reduces the volume of the resultant muons in position-momentum space, a process 
called ionisation cooling. This process is shown schematically in fig. 3. 

A pair of approximately kilometre-long muon cooling linacs reduce the six-dimensional volume of the positively- 
and negatively-charged muon beams by five orders of magnitude. Within each linac, muons are continuously 
decelerated and re-accelerated to provide the muon cooling. Muon ionisation cooling requires very tight focusing 
and high-gradient RF cavities to reach the lowest emittance. The whole lattice must be extremely compact to properly 
contain the beam. A design for such a lattice was shown by MAP to almost reach the required performance. Since 
the end of MAP, advances have been made in RF and magnet technology that suggest that the lattice design can be 
improved. On the other hand further work must be performed to understand constraints arising from engineering and 
integration challenges, such as the need to maintain a thermal barrier between cryogenic magnets and room 
temperature RF cavities. 

A sequence of a linac and two recirculating linacs receive the cooled muon beams and accelerate them to 60 GeV. 
One or more rings then accelerate the beams to the final energy of 1.5 TeV (ECM of 3 TeV) or 5 TeV (ECM of 10 TeV). 
As the beam is accelerated, the lifetime in the lab frame increases due to relativistic time dilation so later stage 
accelerators have proportionally more time for the acceleration process, making Rapid-Cycling Synchrotrons (RCS) 
a possible option. Fixed-field alternating-gradient accelerators (FFAs) are an interesting alternative that avoids 
pulsing the magnets of a synchrotron. Finally the two single bunch beams of opposite charge are injected at full 

 
Fig. 3: Principle of the Muon Ionisation Cooling 

 
Fig. 2: Layout of the Muon Collider complex as elaborated by the MAP 

Cooling cell scheme



Before to discuss the panorama of the open points related to RF and the activities carried 
out in the last year, a definition of the terminology that we will use in the discussions has 
been defined.

Absorber

RF Cell/Cavity

RF structure

Solenoid

Cooling Cell

Cooling Module

Cooling Section

Terminology



A decision on the type of RF structure that will have to integrated in the cell requires taking into
account a number of parameters that may be summarized as in the following: 

• the RF frequency
• the required real estate gradient of the electric field in a cell vs. the peak gradient achievable 

in the RF structure
• expected breakdown rate and eventual mitigation strategy, especially in the high magnetic 

field and high magnetic gradient they experience
• specific materials and surface treatments for the cavity bodies.
• the type of RF coupling from cell to cell in a RF structure
• the space available to fit ancillaries (e.g. tuners, power couplers, cooling pipes etc…), 

considering the tight interference with the cryomagnetic system
• the available or realistically feasible power sources 

Most of the parameters being used for simulations of the entire cooling section are at the edge or 
beyond the present state-of-the-art, therefore require careful evaluation of the feasibility of the 
corresponding technological solution. 

RF Cavity and RF Structure Design



RF cell @704 MHz INFN studies
and the accelerating gradient Eacc as [1, p. 34]:

Eacc = E0 · TTF (10)

The E↵ective Shunt Impedance re↵ is defined as the product of shunt impedance and
transit time [1, (2.55), p. 43]:

re↵ = rs · TTF2. (11)

by combining (3), (7) and (11) we have:
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5 Cavity Design Parametrization and FoMs
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Figure 1: Adopted geometrical parametrization for the cavity designed.
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Table 1: Geometrical parameters, Lacc = 187.8, f0 = 704 MHz (see Fig. 1)
Descript. param. value (mm)
Cavity length (external) Lacc 187.8
Cavity radius Rv 181.85
Aluminum window radius WR 60
Aluminum window thickness WT 0.3
Ellipse z semi-axis (fillet) a 5
Ellipse x semi-axis (fillet) b 11
Derived:
Cavity length (internal) L = Lacc �WT ⇡ Lacc

Top circle curvature radius CR = L/2� a ��
Top circle center x-coord. Cx = 0 ��
Top circle center y-coord. Cy = R� CR ��

Lacc is chosen equal to Lref = 187.8 mm for ⇡-mode operation at f = 704 MHz.
Rv is tuned to have f = 704 MHz.

Figure 2: Section of the simulated cavity: Lacc = 187.8 mm, f0 = 704 MHz

Table 2: FoMs of the designed cavity. Ein = 39.5 J (Energy stored in the full cavity)
Descrp. Param. Unit INFN
Transit Time T 0.645
Aver. Nom. gradient E0 MV/m 44
Accelerating gradient Eacc MV/m 28.35
Quality Factor (eig.) Q0 39352
E↵ect. Shunt Impedance re↵ M⌦ 6.39
E↵ective R over Q re↵/Q ⌦ 162.3
Dissipated power Pdiss MW 4.44

Figure 3: Mesh of the simulated cavity.

The simulations have be done with curvilinear elements and with the mesh setting
“MaxLength” equal to L/20. The resulting number of mesh elements is < 10000 on
a one-degree sector of the cavity.
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7 New Flat-Top Cavity Design; Geometrical
Parametrization and FoMs
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Figure 8: Geometric parameters NEW2.

Table 3: Geometrical parameters, Lacc = 187.8, f0 = 704 MHz (see Fig. 8)
Descript. param. value (mm)
Cavity length (external) Lacc 187.8
Cavity radius Rv 164.9
Aluminium window radius WR 60
Aluminium window thickness WT 0.3
Ellipse z semi-axis (fillet) a 5
Ellipse x semi-axis (fillet) b 11
Top circle curv. radius (fillet) CR 12
Derived:
Cavity length (internal) L = Lacc �WT ⇡ Lacc

Top circle center z-coord. Cz = L/2� a� CR ��
Top circle center x-coord. Cx = Rv � CR ��
Ellipse circle center z-coord. Fz = L/2� a ��
Ellipse circle center x-coord. Fx = WR + b ��

Lacc is chosen equal to Lref = 187.8 mm for ⇡-mode operation at f = 704 MHz.
Rv is tuned to have f = 704 MHz.

Figure 9: Section of the simulated cavity: Lacc = 187.8 mm, f0 = 704 MHz
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Table 4: FoMs of the designed cavity. Ein = 38 J (Energy stored in the full cavity)
Descrp. Param. Unit INFN
Transit Time T 0.643
Aver. Nom. gradient E0 MV/m 44
Accelerating gradient Eacc MV/m 28.26
Quality Factor (eig.) Q0 35630
E↵ect. Shunt Impedance re↵ M⌦ 6
E↵ective R over Q re↵/Q ⌦ 167.6
Dissipated power Pdiss MW 4.71

Figure 10: Flat-top cavity mesh.

The simulations have be done with curvilinear elements and with the mesh setting
“MaxLength” equal to L/20. The resulting number of mesh elements is < 10000 on
a one-degree sector of the cavity.

Table 5: FoMs comparison between the round-top design and the flat-top design
Descrp. Param. round-top flat-top
Stored Energy Ein (J) 37.8 37.5
Transit Time T 0.644 0.643
Aver. Nom. gradient E0 (MV/m) 44 44
Accelerating gradient Eacc (MV/m) 28.35 28.26
Quality Factor (eig.) Q0 39352 35630
E↵. Shunt Impedance re↵ (M⌦) 6.38 5
E↵ective (R over Q) re↵/Q (⌦) 162.3 167.6
Dissipated power Pdiss (MW ) 4.44 4.71

Figure 11: Section of the Aluminum window

8 Flat-Top 3-cells

Figure 12: 3-cells coupled Flat-Top Cavities for Eigenmode solver.
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Flat-Top 
Cavity Geometry

Description Parameter Value
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Comparison Between Electric and 
Magnetic Coupling

Description Parameter Electric Coupling 
(Periodic, Eigen) 

Magnetic Coupling (Eigen) 

Stored Energy !"# (J) 22 10

Transit Time $ 0.765 0.643

Aver. Nom. 
Gradient 

!% (MV/m) &&, ( &&, (

Accelerating  
Gradient 

!)** (MV/m) 17.21 14,46

Quality	Factor	
(eigen)

+% 38829 38345

Eff. Shunt 
Impedance 

,-.. (M/) 4,17 6,41

Effective (R over 
Q) 

,-..
+ (/) 107,54 167,15

Dissipated 
Power 

01"22 (MW) 2,51 1,15



3 cells RF preliminary structure
Figure 13: Electric field amplitude for the ⇡-mode in Eigenmode solution.

Figure 14: Preliminary design of 3 connected Flat-Top cells fed by waveguide.

Figure 15: Electric field amplitude for the ⇡-mode.

References

[1] T. P. Wangler, RF Linear accelerators. John Wiley & Sons, 2008.
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3 cells RF preliminary structure
Figure 13: Electric field amplitude for the ⇡-mode in Eigenmode solution.

Figure 14: Preliminary design of 3 connected Flat-Top cells fed by waveguide.

Figure 15: Electric field amplitude for the ⇡-mode.

9 Flat-Top: New Proposed Design

The coupling has been achived by exploiting four slots spaced 90� degrees apart.

Table 6: Geometrical parameters, Lacc = 187.8, f0 = 704 MHz (see Fig. 8)
Descript. param. value
Cavity length (external) Lacc 187.8 mm
Cavity radius Rv 170.2 mm
Aluminium window radius WR 60 mm
Aluminium window thickness WT 0.3 mm
Ellipse z semi-axis (fillet) a 5 mm
Ellipse x semi-axis (fillet) b 11 mm
Top circle curv. radius (fillet) CR 50 mm
Inner slot Radius RAin 85 mm
External coupling slot Radius RAext 113.5 mm
Angular coupling slot Span ✓A 15 deg
Fillet coupling slot 4 mm
Derived:
Cavity length (internal) L = Lacc �WT ⇡ Lacc

Top circle center z-coord. Cz = L/2� a� CR ��
Top circle center x-coord. Cx = Rv � CR ��
Ellipse circle center z-coord. Fz = L/2� a ��
Ellipse circle center x-coord. Fx = WR + b ��

Lacc is chosen equal to Lref = 187.8 mm for ⇡-mode operation at f = 704 MHz.
Rv is tuned to have f = 704 MHz.
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Figure 16: Section of the new design simulated cavity: Lacc = 187.8 mm, f0 =
704 MHz.

Figure 17: Magnetic coupling slots. There are four coupling slots spaced 90� degrees
apart

Table 7: FoMs of the designed cavity. Ein = 38 J (Energy stored in the full cavity)
Descrp. Param. Unit INFN
Transit Time T 0.643
Aver. Nom. gradient E0 MV/m 44
Accelerating gradient Eacc MV/m 28.37
Quality Factor (eig.) Q0 38345
E↵ect. Shunt Impedance re↵ M⌦ 6.41
E↵ective R over Q re↵/Q ⌦ 167.15
Dissipated power Pdiss MW 4.43

Table 8: FoMs comparison between the designed cavities
Descrp. Param. round-top flat-top flat-top

first design new design
Stored Energy Ein (J) 39.5 38 38.4
Transit Time T 0.644 0.643 0.643
Aver. Nom. gradient E0 (MV/m) 44 44 44
Accelerating gradient Eacc (MV/m) 28.35 28.26 28.37
Quality Factor (eig.) Q0 39352 35630 38345
E↵. Shunt Impedance re↵ (M⌦) 6.38 5 6.41
E↵ective (R over Q) re↵/Q (⌦) 162.3 167.6 167.15
Dissipated power Pdiss (MW ) 4.44 4.72 4.43

Note that in the case of critical coupling, the energy dissipated in the cavity (Eigen-
mode solution) equals the input power (Driven solution).
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3 cells RF preliminary mechanical design
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Expected RF Breakdown Rate and Mitigation
Strategy in High Magnetic Fields

High voltage breakdown in both vacuum and gas has been studied extensively. The presence of a multi-
tesla external magnetic field provided a new variable, however. As ionization cooling depends on RF 
cavities operating in such an environment, the performance of said cavities must be understood and 
characterized.
Early experiments focused on 805 MHz vacuum RF cavities. 
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Cavity R&D
 Cooling requires strong B-field overlapping RF

 B-field → sparking in RF cavities

 Two technologies have demonstrated mitigation:

High 
Pressure
gas

E-field

Changeable Cu/Be wallsBowring et al, PRAB 23 072001, 2020

Freemire et al, JINST 13 P01029, 2018
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advice and support during the design and execution of
this experimental program: Peter Garbincius, Jim Norem,
and Alvin Tollestrup (Fermilab); Don Hartill (Cornell
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and Mike Zisman (Lawrence Berkeley National Lab).
Fermilab is operated by Fermi Research Alliance, LLC
under Contract No. DE-AC02-07CH11359 with the U.S.
Department of Energy. This work was partially supported
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Computing Center, a DOE Office of Science User
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Department of Energy under Contract No. DE-AC02-
05CH11231.

APPENDIX: SUPPLEMENTAL MATERIAL

The cavity used in this study is an 805 MHz normal-
conducting pillbox cavity, designed specifically to fit inside
the 44-cm-diameter warm bore of the MTA superconduct-
ing solenoid magnet. The cavity was aligned with respect to
the magnet bore such that the applied DC magnetic field
was everywhere parallel to the electric field of the cavity’s
TM010 mode. The magnitude of the magnetic field B⃗
within the cavity volume was uniform to 6.7%, and its
direction was parallel to the cavity’s longitudinal z-axis
with the mean of ð1 − Bz=jB⃗jÞ ¼ 2.6 × 10−4.
Cavity assembly and installation in the solenoid are

illustrated in Figs. 4 and 7. The cavity body is built from
copper. The circular, flat walls (“endplates”) are clamped to
the cavity body with a series of stainless steel fasteners.
Annealed copper gaskets ensure good electrical contact
between the cavity body and endplates, while a Viton
o-ring provides a vacuum seal. This approach ensures

consistent cavity parameters over multiple endplate
mount/dismount cycles (Table II). rf power is coupled to
the cavity via a custom-built narrow, rectangular waveguide
which, outside of the constraints of the solenoid, transitions
to standard WR-975. The waveguide design enables the
cavity to be positioned to ensure the field uniformity
condition described above. The input power coupler was
designed using ACE3P [35], such that the peak surface
electric field on the coupler is approximately five times
smaller than the peak surface electric field on the cavity’s
longitudinal axis. This helps localize breakdown events to
the cavity walls and keeps the input coupler from being a
limiting factor of cavity performance [11].
Endplate surfaces were machined to better than 0.3 μm

surface roughness and then coated with 20–60 nm of
titanium nitride, with post-coating measured surface rough-
ness Ra ¼ 0.29$ 0.02 μm. Experience with the electro-
polishing of 201 MHz copper cavities suggests that
smooth, polished surfaces help to suppress breakdown
rates in ionization cooling channel contexts [22]. More
work is needed in order to better understand the effect of
surface quality on this specific cavity.
Interior cavity surfaces and endplate walls are coated

with ≥ 20 nm of titanium nitride, with the goal of sup-
pressing secondary electron yields. This reduces the risk of
resonant electron loading (multipacting) and associated
gradient limits [36,37].
The cavity is heavily instrumented. 3.38-cm ConFlat

ports on the cavity body are mounting points for two
inductive rf pickup probes used to measure cavity gradient.
Two optically transparent windows are also mounted to the
cavity body in this manner; attaching optical fibers to these
windows allows for the detection of visible light during
breakdown, via coupled photomultiplier tubes. Resistance
temperature detectors (RTDs) are attached at multiple
points around the cavity, in order to continually monitor
the temperature of the cavity body and each endplate at
multiple points. A control loop regulates the temperature of
cooling water circulating in the cavity body and endplates,
maintaining the temperature measured by the RTDs below

FIG. 7. Cavity mounted in MTA solenoid bore. False colors
indicate: cut view of MTA solenoid (red); support rails (silver);
vacuum pumping port (dark green); rf pickup and instrumentation
ports (red).

TABLE II. Operating parameters for the Modular Cavity.
Quoted uncertainty in reported values is the standard deviation
across mount/demount endplate cycles, giving an indication of
repeatability of experimental conditions. The cavity length is
based on a π=2 phase advance for v=c ≈ 0.85 muon beams.

Cu walls Be walls Units

f0 804.5$ 0.1 804.48$ 0.09 MHz
Q0 23500$ 900 16000$ 2000
QL 11100$ 400 8700$ 700
Length 10.44 10.44 cm
Inner radius 14.2 14.2 cm
Base vacuum 10−8 10−8 Torr
Stored energy
at 50 MV=m
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Figure 1: All-Seasons cavity interior (left) and electric field
of the TM010 mode (right), simulated using CST Microwave
Studio. Note the bolts and RF seal region in the left-hand
photo.

A pillbox cavity with grid windows
As discussed above, lowering the density of material in

the path of dark current and/or breakdown arcs may reduce
breakdown probabilities. An implementation of this idea is
to replace solid cavity walls with windows made of metal
grids [10]. Fig. 2 is an illustration of this concept. Water
could circulate in the tubes that compose the gridded window,
further reducing pulsed heating e�ects.

Figure 2: An 805 Mhz pillbox cavity with windows com-
posed of a grid of tubes (left) and electric field of the TM010
mode (right), simulated using SLAC’s ACE3P RF code suite.

This cavity design was tested in three configurations: (a)
two grid windows, one on either side of the cavity; (b) one
grid window opposite one solid copper cavity wall; and (c)
two solid copper walls.

Results from these various cavity runs are summarized in
Fig. 3. RF parameters for these cavities are listed in Table 1.

Table 1: RF parameters for the All-Seasons Cavity (ASC),
the pillbox with grid windows (GW), the same pillbox with
one grid window and one flat Cu wall (CWCU), and the
modular cavity (MC). The modular cavity will be addressed
in more detail below.

Parameter ASC GW GWCU MC
Frequency (MHz) 810.4 801.0 805.3 804.4

Q0/104 2.8 1.44 1.48 2.2

Gap length (cm) 14.5 8.1 8.1 10.4

R/Q (⌦) 220 259 289 233

Figure 3: Peak surface electric field vs. external, applied
B-field for cavity configurations described above. The black
line indicates the threshold for surface fracture from beamlet
heating, as discussed in [4].

ONGOING R&D
Figure 3 shows rough agreement between experimental

results and the model described in [4]. Deviation from the-
ory may be explained by (a) breakdown rates dominated by
high surface E-fields in the coupler region (see Fig. 4); (b)
variable conditioning histories of cavity surfaces between
tests; or (c) a surplus of field emitter sites on unpolished,
machined copper surfaces.

A new cavity was designed and built with the goal of
greater experimental flexibility and improved control over
these systematic error sources. The flat walls of the cavity
are clamped into place and RF contact is made via a Cu gas-
ket. This allows the walls to be easily removed for inspection
or reconditioning of cavity surfaces. The wall material can
also be changed, allowing for direct comparisons between
cavity wall materials (e.g. Cu vs Be). Accordingly, this
structure is referred to as the “modular cavity”. RF prop-
erties of this cavity are listed in Table 1. The cavity walls
have been chemically polished to reduce the density of field
emitter sites. Preliminary measurements on a 201 MHz cav-
ity in the MTA indicate that SRF-style surface preparation
best practices facilitate rapid commissioning with few or no
sparks [11].

Surface electric fields in the coupler region are � 5 times
smaller than the on-axis field of the TM010 mode, with the
goal of reducing breakdown probability in the coupler region.
Figure 4 compares this design with the couplers of the other
two cavities discussed in this paper. The coupler shape was
optimized to minimize resonant electron trajectories across
a range of magnetic fields, as shown in Fig. 5. This design
and optimization work was performed using the ACE3P RF
simulation code suite [12].

In addition to conventional cavity instrumentation (vac-
uum gauges, thermometry, etc.) the cavity is equipped with:
optical fibers to transmit light from breakdown events and
their precursors for spark detection and spectroscopy; NaI
crystal detectors, scintillators, and a Faraday cup to monitor
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APPENDIX: SUPPLEMENTAL MATERIAL

The cavity used in this study is an 805 MHz normal-
conducting pillbox cavity, designed specifically to fit inside
the 44-cm-diameter warm bore of the MTA superconduct-
ing solenoid magnet. The cavity was aligned with respect to
the magnet bore such that the applied DC magnetic field
was everywhere parallel to the electric field of the cavity’s
TM010 mode. The magnitude of the magnetic field B⃗
within the cavity volume was uniform to 6.7%, and its
direction was parallel to the cavity’s longitudinal z-axis
with the mean of ð1 − Bz=jB⃗jÞ ¼ 2.6 × 10−4.
Cavity assembly and installation in the solenoid are

illustrated in Figs. 4 and 7. The cavity body is built from
copper. The circular, flat walls (“endplates”) are clamped to
the cavity body with a series of stainless steel fasteners.
Annealed copper gaskets ensure good electrical contact
between the cavity body and endplates, while a Viton
o-ring provides a vacuum seal. This approach ensures

consistent cavity parameters over multiple endplate
mount/dismount cycles (Table II). rf power is coupled to
the cavity via a custom-built narrow, rectangular waveguide
which, outside of the constraints of the solenoid, transitions
to standard WR-975. The waveguide design enables the
cavity to be positioned to ensure the field uniformity
condition described above. The input power coupler was
designed using ACE3P [35], such that the peak surface
electric field on the coupler is approximately five times
smaller than the peak surface electric field on the cavity’s
longitudinal axis. This helps localize breakdown events to
the cavity walls and keeps the input coupler from being a
limiting factor of cavity performance [11].
Endplate surfaces were machined to better than 0.3 μm

surface roughness and then coated with 20–60 nm of
titanium nitride, with post-coating measured surface rough-
ness Ra ¼ 0.29$ 0.02 μm. Experience with the electro-
polishing of 201 MHz copper cavities suggests that
smooth, polished surfaces help to suppress breakdown
rates in ionization cooling channel contexts [22]. More
work is needed in order to better understand the effect of
surface quality on this specific cavity.
Interior cavity surfaces and endplate walls are coated

with ≥ 20 nm of titanium nitride, with the goal of sup-
pressing secondary electron yields. This reduces the risk of
resonant electron loading (multipacting) and associated
gradient limits [36,37].
The cavity is heavily instrumented. 3.38-cm ConFlat

ports on the cavity body are mounting points for two
inductive rf pickup probes used to measure cavity gradient.
Two optically transparent windows are also mounted to the
cavity body in this manner; attaching optical fibers to these
windows allows for the detection of visible light during
breakdown, via coupled photomultiplier tubes. Resistance
temperature detectors (RTDs) are attached at multiple
points around the cavity, in order to continually monitor
the temperature of the cavity body and each endplate at
multiple points. A control loop regulates the temperature of
cooling water circulating in the cavity body and endplates,
maintaining the temperature measured by the RTDs below

FIG. 7. Cavity mounted in MTA solenoid bore. False colors
indicate: cut view of MTA solenoid (red); support rails (silver);
vacuum pumping port (dark green); rf pickup and instrumentation
ports (red).

TABLE II. Operating parameters for the Modular Cavity.
Quoted uncertainty in reported values is the standard deviation
across mount/demount endplate cycles, giving an indication of
repeatability of experimental conditions. The cavity length is
based on a π=2 phase advance for v=c ≈ 0.85 muon beams.

Cu walls Be walls Units

f0 804.5$ 0.1 804.48$ 0.09 MHz
Q0 23500$ 900 16000$ 2000
QL 11100$ 400 8700$ 700
Length 10.44 10.44 cm
Inner radius 14.2 14.2 cm
Base vacuum 10−8 10−8 Torr
Stored energy
at 50 MV=m
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Figure 1: All-Seasons cavity interior (left) and electric field
of the TM010 mode (right), simulated using CST Microwave
Studio. Note the bolts and RF seal region in the left-hand
photo.

A pillbox cavity with grid windows
As discussed above, lowering the density of material in

the path of dark current and/or breakdown arcs may reduce
breakdown probabilities. An implementation of this idea is
to replace solid cavity walls with windows made of metal
grids [10]. Fig. 2 is an illustration of this concept. Water
could circulate in the tubes that compose the gridded window,
further reducing pulsed heating e�ects.

Figure 2: An 805 Mhz pillbox cavity with windows com-
posed of a grid of tubes (left) and electric field of the TM010
mode (right), simulated using SLAC’s ACE3P RF code suite.

This cavity design was tested in three configurations: (a)
two grid windows, one on either side of the cavity; (b) one
grid window opposite one solid copper cavity wall; and (c)
two solid copper walls.

Results from these various cavity runs are summarized in
Fig. 3. RF parameters for these cavities are listed in Table 1.

Table 1: RF parameters for the All-Seasons Cavity (ASC),
the pillbox with grid windows (GW), the same pillbox with
one grid window and one flat Cu wall (CWCU), and the
modular cavity (MC). The modular cavity will be addressed
in more detail below.

Parameter ASC GW GWCU MC
Frequency (MHz) 810.4 801.0 805.3 804.4

Q0/104 2.8 1.44 1.48 2.2

Gap length (cm) 14.5 8.1 8.1 10.4

R/Q (⌦) 220 259 289 233

Figure 3: Peak surface electric field vs. external, applied
B-field for cavity configurations described above. The black
line indicates the threshold for surface fracture from beamlet
heating, as discussed in [4].

ONGOING R&D
Figure 3 shows rough agreement between experimental

results and the model described in [4]. Deviation from the-
ory may be explained by (a) breakdown rates dominated by
high surface E-fields in the coupler region (see Fig. 4); (b)
variable conditioning histories of cavity surfaces between
tests; or (c) a surplus of field emitter sites on unpolished,
machined copper surfaces.

A new cavity was designed and built with the goal of
greater experimental flexibility and improved control over
these systematic error sources. The flat walls of the cavity
are clamped into place and RF contact is made via a Cu gas-
ket. This allows the walls to be easily removed for inspection
or reconditioning of cavity surfaces. The wall material can
also be changed, allowing for direct comparisons between
cavity wall materials (e.g. Cu vs Be). Accordingly, this
structure is referred to as the “modular cavity”. RF prop-
erties of this cavity are listed in Table 1. The cavity walls
have been chemically polished to reduce the density of field
emitter sites. Preliminary measurements on a 201 MHz cav-
ity in the MTA indicate that SRF-style surface preparation
best practices facilitate rapid commissioning with few or no
sparks [11].

Surface electric fields in the coupler region are � 5 times
smaller than the on-axis field of the TM010 mode, with the
goal of reducing breakdown probability in the coupler region.
Figure 4 compares this design with the couplers of the other
two cavities discussed in this paper. The coupler shape was
optimized to minimize resonant electron trajectories across
a range of magnetic fields, as shown in Fig. 5. This design
and optimization work was performed using the ACE3P RF
simulation code suite [12].

In addition to conventional cavity instrumentation (vac-
uum gauges, thermometry, etc.) the cavity is equipped with:
optical fibers to transmit light from breakdown events and
their precursors for spark detection and spectroscopy; NaI
crystal detectors, scintillators, and a Faraday cup to monitor
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Abstract
Ionization cooling of intense muon beams requires the op-

eration of high-gradient, normal-conducting RF structures
in the presence of strong magnetic fields. We have measured
the breakdown rate in several RF cavities operating at several
frequencies. Cavities operating within solenoidal magnetic
fields B > 0.25 T show an increased RF breakdown rate
at lower gradients compared with similar operation when
B = 0 T. Ultimately, this breakdown behavior limits the
maximum safe operating gradient of the cavity. Beyond ion-
ization cooling, this issue a�ects the design of photoinjectors
and klystrons, among other applications. We have built an
805 MHz pillbox-type RF cavity to serve as an experimen-
tal testbed for this phenomenon. This cavity is designed
to study the problem of RF breakdown in strong magnetic
fields using various cavity materials and surface treatments,
and with precise control over sources of systematic error.
We present results from tests in which the cavity was run
with all copper surfaces in a variety of magnetic fields.

INTRODUCTION
Strong, external magnetic fields have been shown to have

an e�ect on the rate and extent of RF breakdown in normal-
conducting cavities [1, 2]. The impetus for these studies
was the design of ionization cooling channels for a future
muon accelerator. Muons must be cooled quickly due to
their relatively short lifetime. Ionization cooling – the only
cooling method viable on muon-appropriate timescales –
requires the operation of copper cavities in multi-Tesla ex-
ternal, solenoidal magnetic fields [3].

A model has been proposed to explain the e�ect of strong
magnetic fields on RF breakdown rates [4]. In this model,
dark current from asperities (or other irregularities) on a
cavity’s surface are focused by the external solenoidal mag-
netic field into “beamlets” with current densities between
103 and 105 A/m2, depending on field strengths, cavity ge-
ometry, etc. These beamlets may persist over multiple RF
periods, causing cyclic fatigue and damage on cavity walls
and contributing to an increased breakdown probability. In-
creases in solenoid field strength beyond some threshold
value (B ⇡ 0.5 T in this context) produce negligible changes
in beamlet current density due to space charge e�ects.

⇤ Work supported by Fermilab Research Alliance, LLC under Contract No.
DE-AC02-07CH11359.

Breakdown probabilities may therefore be reduced if cav-
ity walls are fabricated using materials with long radiation
lengths, such as beryllium. Low-Z materials should allow
beamlets to exit the cavity without depositing energy in cav-
ity walls and contributing to material fatigue and damage.

Careful cleaning and preparation of cavity surfaces may
reduce the number of field emission sites. This will be
discussed in more depth below.

Breakdown behavior consistent with this model has been
observed in several RF cavities. The relevant methodology
and results are described here.

EXPERIMENTAL SETUP AND RF
MEASUREMENTS

Work was performed at the MuCool Test Area (MTA) at
the south end of the Fermilab Linac. The MTA is an experi-
mental hall optimized for R&D related to muon ionization
cooling [5]. RF power is available in the hall at 201 MHz
(4.5 MW) and at 805 MHz (12 MW). RF structures can be
operated at high power inside the 44 cm diameter bore of a 5
Tesla superconducting solenoid. A data acquisition system
(DAQ) automates the collection of data from six oscillo-
scopes and a wide array of instrumentation [6]. The DAQ
also detects breakdown sparks in real time by examining (a)
the time derivative of a cavity pickup probe voltage signal;
(b) the time derivative of power reflected from the cavity;
and (c) light from a spark, transmitted through an optical
fiber and detected by a photomultiplier tube. Cavities are
prepared and inspected inside a class-100 portable clean
room.

A spark rate of 1 in 105 RF pulses defines the maximum
“safe” operating gradient of a cavity. Higher breakdown
probabilities lead to lower cooling channel e�ciencies.

The All-Seasons Cavity
RF breakdown may be suppressed by pressurizing cavities

with gas, which gas can also serve as an ionization cooling
medium [7]. Furthermore, for “traditional” evacuated cav-
ities, there is some interest in studying the dependence of
breakdown probabilities on cavity materials and surface
preparations [4, 8]. Muons, Inc. has designed, built, and
tested a cavity suitable for R&D on these various ideas – “a
cavity for all seasons” [9]. The so-called All-Seasons cavity
(ASC) is shown in Figure 1. It has replaceable walls, can
be pressurized up to 100 atm or evacuated to 3 ⇥ 10�8 Torr,
and is fed with a coaxial power coupler.
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Ionization cooling is the preferred method for producing bright muon beams. This cooling technique
requires the operation of normal conducting, radio-frequency (rf) accelerating cavities within the multi-
tesla fields of dc solenoid magnets. Under these conditions, cavities exhibit increased susceptibility to
rf breakdown, which can damage cooling channel components and imposes limits on channel length
and transmission efficiency. We report, for the first time, stable high-vacuum, normal-conducting cavity
operation at gradients of 50 MV=m in an external magnetic field of three tesla, through the use of beryllium
cavity elements. This eliminates a significant technical risk that has previously been inherent in ionization
cooling channel designs.

DOI: 10.1103/PhysRevAccelBeams.23.072001

I. INTRODUCTION

Scenarios for collisions of high-energy muons and the
storage of muons as a neutrino beam source have been
developed [1–4]. The physics reach of these machines
relies on high-intensity muon beams, which in turn require
the development of novel beam cooling techniques [5–7].

Building on this work, muon ionization cooling has
recently been demonstrated for the first time [8].
A muon ionization cooling channel consists of strong-

focusing magnets inducing high beam divergence within
low-density, energy-absorbing media, and radio-frequency
(rf) accelerating cavities to recover the longitudinal
momentum lost by muons traversing the absorbing media.
Because of the short muon lifetime, the cooling channel
must be compact. In optimized channel designs, strong
magnetic fields overlap high-gradient rf accelerating
cavities. For example, the International Design Study for
a future Neutrino Factory used 12–15 MV=m, 201 MHz rf
cavities within two-tesla magnetic fields in its baseline
design [2]. Some muon collider designs call for cooling
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Materials and Treatments

observed in these narrow strips shows surface extrusions
and is consistent with what has been found on the other test
samples discussed in this paper. Except for these small
striations, the surface damage on the Glidcop! sample was
minimal.

IV. CONCLUSIONS

A series of pulsed heating experiments were conducted
at SLAC National Accelerator Laboratory in collaboration
with CERN and KEK. The motivation for this work is to
better understand surface fatigue and the impact of high-
power pulsed magnetic fields on copper and copper alloys.
The samples tested were exposed to different machining
and heat treatment processes and the materials used in this
study included OFE copper, copper zirconium, copper
chromium, HIP copper, single crystal copper, electroplated
copper, Glidcop!, copper silver, and silver plated copper.
The test samples are shown in Fig. 54. Each of the samples
was tested to within 10% of a peak pulsed heating tem-
perature of 110!C for approximately 1" 107 rf pulses. The
pulsed heating temperature was slightly higher for the
silver plated copper sample due to its higher thermal con-
ductivity. From left to right the samples are ordered ac-
cording to their hardness value as measured by a Rockwell

superficial hardness tester. The hardness values are shown
in the top right corner of each photograph and the mea-
surement units are HR15T. The surface damage due to
pulsed heating was significantly more pronounced on the
softer materials that are shown on the top row of Fig. 54. In
contrast, the samples with hardness values >70 HR15T
(bottom row) were minimally impacted by cyclic thermal
fatigue. The impact of pulsed heating in this experiment
was dominated by material hardness because material
properties such as conductivity are weak functions of
pulsed heating temperature. Likewise, all other physical
properties of the materials tested were small compared to
the variations in material hardness. Technologies for build-
ing accelerator structures made from the harder copper
alloys are not yet completely developed but some testing
in single cell structures has been conducted that shows
some improvement over pure copper (see Refs. [15,16]
for further details).
The material properties of the samples tested are shown

in Table I. These values were utilized in calculating the
maximum pulsed heating temperature that each of
the different materials was subjected to in this study. The
width of the pulsed heating ring was measured on the
samples in order to determine the minimum pulsed heating
temperature required to initiate surface damage. This data

FIG. 54. Pulsed heating samples that have been tested to 110!C. They are listed in order of material hardness values with the softest
materials in the top row and the harder materials in the bottom row (hardness values are located in the top right corner of each
photograph).
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Cyclic thermal stresses produced by rf pulsed heating can be the limiting factor on the attainable

reliable gradients for room temperature linear accelerators. This is especially true for structures that have

complicated features for wakefield damping. These limits could be pushed higher by using special types of

copper, copper alloys, or other conducting metals in constructing partial or complete accelerator

structures. Here we present an experimental study aimed at determining the potential of these materials

for tolerating cyclic thermal fatigue due to rf magnetic fields. A special cavity that has no electric field on

the surface was employed in these studies. The cavity shape concentrates the magnetic field on one flat

surface where the test material is placed. The materials tested in this study have included oxygen free

electronic grade copper, copper zirconium, copper chromium, hot isostatically pressed copper, single

crystal copper, electroplated copper, Glidcop!, copper silver, and silver plated copper. The samples were

exposed to different machining and heat treatment processes prior to rf processing. Each sample was

tested to a peak pulsed heating temperature of approximately 110!C and remained at this temperature for

approximately 10" 106 rf pulses. In general, the results showed the possibility of pushing the gradient

limits due to pulsed heating fatigue by the use of copper zirconium and copper chromium alloys.

DOI: 10.1103/PhysRevSTAB.14.041001 PACS numbers: 29.20.Ej, 52.80.Pi, 52.80.Vp

I. INTRODUCTION

Cyclic thermal stresses produced by rf pulsed heating
was originally considered a limiting factor for linear
accelerators at extremely high frequencies [1,2]. This mo-
tivated experimental studies of the phenomenon [3–6].
However, pulsed heating limited the performance of accel-
erator couplers at x-band linear accelerators considered for
the so-called next linear collider (NLC) and it was also
credited for the degradation of x-band klystron output
cavities. Studies of accelerator structures for future linear
colliders demanded strong damping of wakefields caused
by higher order modes [7]. Adding damping features to
these structures typically enhances surface rf magnetic
fields or currents and, hence, thermal stresses. In these
structures the thermal stresses could potentially limit the
reliable operating gradient. Furthermore, recent studies of
breakdown rates in high gradient linear accelerators
showed a direct correlation between these rates and pulsed

heating [8]. Geometrical variations of accelerator struc-
tures aimed at reducing surface rf magnetic fields can only
go so far. The only alternative after that is to totally or
partially change the structure material. This is the original
motivation of this study. This work differs from that pub-
lished in Ref. [3] in two aspects. First, we study materials
other than oxygen-free high conductivity (OFHC) copper.
Second, our experimental setup utilizes a special cavity
that permits the testing of the materials without damage to
the cavity itself, which is made of OFHC copper. This is
done by a choice of geometry that has no electric fields on
the walls and has substantially reduced magnetic fields on
all surfaces except that of the material under test. Finally,
we couple to the cavity with a specially designed mode
converter [9] which generates the TE01 mode in a circular
guide and, hence, eliminates any surface electric field at
the coupling port. This made the cavity extremely reliable
and the data is only related to the pulsed heating affects and
nothing else. This work has shown that pulsed heating
surface damage in vacuum is dependent on processing
time, pulsed heating temperature, material hardness, and
crystallographic orientation. At low temperatures, grain
boundaries were the initial sites impacted by pulsed heat-
ing and at higher temperatures the surface damage (e.g.
fatigue cracking) due to cyclic thermal stresses varied
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E-field in High Magnetic Gradients

Why we are proposing to carry out tests in a 
DC based environment ?

• Simple setup with respect to a RF based 
one

• Tests faster and more flexible
• Study on materials and surface 

treatments
• Additional input for further RF based 

experimental campaigns
• Field levels of the order of 100 MV/m (over 

max. 0.1 mm gp)
• Energy similar to the one involved in RF
• UHV conditions
• BD initial phenomena very similar

We already have a possible setup (magnet @ 1 T 
with a 120 mm bore and HV power supplies, 
radiation detectors, experience on data and image 
acquisition and competence in material treatments )

1. study of innovative materials to create 
electrodes to be tested with a high DC static 
field in the presence of a magnetic field of at 
least 1 T or higher

2. study of surface finishing, coating and cleaning 
techniques for the above materials

3. DC high static field test in the presence of a 
magnetic field of at least 1 T or higher



E-field in High Magnetic Gradients

The PVX-4110 pulse generator is a direct coupled, air 
cooled, solid state half-bridge (totem pole) design, 
offering equally fast pulse rise and fall times, low power 
dissipation, and virtually no over-shoot, undershoot or 
ringing. It has overcurrent detection and shutdown 
circuitry to protect the pulse generator from potential 
damage due to arcs and shorts in the load or 
interconnect cable.

Suitable to test different materials, surface finishing 
and treatments up to 50 MV/m



A 3 GHz Proposal designed at INFN LASA

364 mm

140 mm

68 mm
170 mm



Windows for RF cavities

The 3 cells normal conducting cavity, shown in the last slides, consists of basic 
pillbox cavities which are enclosed with thin windows (foils) to increase shunt 
impedance and give a higher field on-axis for a given amount of power. 

These windows are subject to ohmic heating from RF currents and Lorentz force 
from the EM field in the cavity, both of which will produce out of the plane 
displacements that can detune the cavity frequency.

Preliminary studies consider Berillium as a suitable material for these windows. 
Thickness ranging around tens of microns were considered  for this application.

“THERMAL AND LORENTZ FORCE ANALYSIS OF BERYLLIUM WINDOWS FOR A RECTILINEAR MUON COOLING 
CHANNEL”  T. Luo et al. IPAC 2015
“FINITE ELEMENT ANALYSIS OF THIN BERYLLIUM WINDOWS FOR A MUON COOLING CHANNEL“J. N. Corlett, N. 
Hartman, D. Li PAC 2001



Windows for RF cavities

The Be window needs to be thin enought to be almost transparent to the muon 
beam. However, the thinner the window, the poorer its thermal conduction. 
Besides, there is no extra cooling on the window with all the heat transfered out by 
thermal conduction.

Beryllium, moreover, requires a lot of attention in its handling and this makes very 
difficult both to find companies able in the production of these foils and, at the 
same time, prevent many laboratories to install small tes stand to study its 
properties.

Due to this reasons we are considering the possibility to use aluminium as an 
alternative material for these foils.



Windows for RF cavities
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TABLE 5
Index of Tables for Selected Chemical Elements

ρ ⟨−dE/dx⟩min Eµc ⟨−dE/dx⟩
Element Symbol Z A State [g/cm3] [MeV cm2/g] [GeV] and range b Notes

Hydrogen gas H 1 1.00794 D 8.375× 10−5 4.103 3611. I–1 VI–1
Liquid hydrogen H 1 1.00794 L 7.080× 10−2 4.034 3102. I–2 VI–1 1
Helium gas He 2 4.002602 G 1.663× 10−4 1.937 2351. I–3 VI–2
Liquid helium He 2 4.002602 L 0.125 1.936 2020. I–4 VI–2 2
Lithium Li 3 6.941 S 0.534 1.639 1578. I–5 VI–3
Beryllium Be 4 9.012182 S 1.848 1.595 1328. I–6 VI–4
Boron B 5 10.811 S 2.370 1.623 1169. I–7 VI–5
Carbon (compact) C 6 12.0107 S 2.265 1.745 1056. I–8 VI–6
Carbon (graphite) C 6 12.0107 S 1.700 1.753 1065. I–9 VI–6
Nitrogen gas N 7 14.00674 D 1.165× 10−3 1.825 1153. I–10 VI–7
Liquid nitrogen N 7 14.00674 L 0.807 1.813 982. I–11 VI–7 2
Oxygen gas O 8 15.9994 D 1.332× 10−3 1.801 1050. I–12 VI–8
Liquid oxygen O 8 15.9994 L 1.141 1.788 890. I–13 VI–8 2
Fluorine gas F 9 18.9984032 D 1.580× 10−3 1.676 959. I–14 VI–9
Liquid fluorine F 9 18.9984032 L 1.507 1.634 810. I–15 VI–9 2
Neon gas Ne 10 20.1797 G 8.385× 10−4 1.724 906. I–16 VI–10
Liquid neon Ne 10 20.1797 L 1.204 1.695 759. I–17 VI–10 2
Sodium Na 11 22.989770 S 0.971 1.639 711. I–18 VI–11
Magnesium Mg 12 24.3050 S 1.740 1.674 658. I–19 VI–12
Aluminum Al 13 26.981538 S 2.699 1.615 612. I–20 VI–13
Silicon Si 14 28.0855 S 2.329 1.664 581. I–21 VI–14 1
Phosphorus P 15 30.973761 S 2.200 1.613 551. I–22 VI–15
Sulfur S 16 32.066 S 2.000 1.652 526. I–23 VI–16
Chlorine gas Cl 17 35.4527 D 2.995× 10−3 1.630 591. I–24 VI–17
Liquid chlorine Cl 17 35.4527 L 1.574 1.608 504. I–25 VI–17 2
Argon gas Ar 18 39.948 G 1.662× 10−3 1.519 571. I–26 VI–18
Liquid argon Ar 18 39.948 L 1.396 1.508 483. I–27 VI–18 2
Potassium K 19 39.0983 S 0.862 1.623 470. I–28 VI–19
Calcium Ca 20 40.078 S 1.550 1.655 445. I–29 VI–20
Scandium Sc 21 44.955910 S 2.989 1.522 420. I–30 VI–21
Titanium Ti 22 47.867 S 4.540 1.477 401. I–31 VI–22
Vanadium V 23 50.9415 S 6.110 1.436 383. I–32 VI–23
Chromium Cr 24 51.9961 S 7.180 1.456 369. I–33 VI–24
Manganese Mn 25 54.938049 S 7.440 1.428 357. I–34 VI–25
Iron Fe 26 55.845 S 7.874 1.451 345. I–35 VI–26
Cobalt Co 27 58.933200 S 8.900 1.419 334. I–36 VI–27
Nickel Ni 28 58.6934 S 8.902 1.468 324. I–37 VI–28
Copper Cu 29 63.546 S 8.960 1.403 315. I–38 VI–29
Zinc Zn 30 65.39 S 7.133 1.411 308. I–39 VI–30
Gallium Ga 31 69.723 S 5.904 1.379 302. I–40 VI–31
Germanium Ge 32 72.61 S 5.323 1.370 295. I–41 VI–32
Arsenic As 33 74.92160 S 5.730 1.370 287. I–42 VI–33
Selenium Se 34 78.96 S 4.500 1.343 282. I–43 VI–34
Bromine Br 35 79.904 L 3.103 1.385 278. I–44 VI–35 2
Krypton gas Kr 36 83.80 G 3.478× 10−3 1.357 321. I–45 VI–36

Note. Physical states are indicated by “G” for gas, “D” for diatomic gas, “L” for liquid, and “S” for solid. Gases are evaluated at one atmosphere and 20◦C.
The corresponding cryogenic liquids are evaluated at their boiling points at one atmosphere, and carbon is evaluated at several typical densities. Atomic
weights are given to their experimental significance. The densities here and the density effect parameters in Table I are as given by Sternheimer, Berger, and
Seltzer [5], except for the cases where a number is shown in the “Notes” column to indicate the following: (1) Density effect parameters adjusted to this
density using Eq. (A.8). (2) Density effect parameters calculated via the Sternheimer–Peierls algorithm discussed in Appendix A.

199 Atomic Data and Nuclear Data Tables, Vol. 78, No. 2, July 2001



Windows for RF cavities
D. E. GROOM, N. V. MOKHOV, and S. I. STRIGANOV Muon Stopping Power and Range

TABLE I-6. Muons in Beryllium
See page 209 for Explanation of Tables

Z A [g/mol] ρ [g/cm3] I [eV] a k = ms x0 x1 C δ0
4 (Be) 9.012182 1.848 63.7 0.80392 2.4339 0.0592 1.6922 2.7847 0.14

T p Ionization Brems Pair prod Photonucl Total CSDA range
[MeV/c] [MeV cm2/g] [g/cm2]

10.0 MeV 4.704× 101 6.491 6.491 8.616× 10−1

14.0 MeV 5.616× 101 5.058 5.058 1.567× 100

20.0 MeV 6.802× 101 3.945 3.945 2.926× 100

30.0 MeV 8.509× 101 3.054 3.054 5.848× 100

40.0 MeV 1.003× 102 2.603 2.603 9.418× 100

80.0 MeV 1.527× 102 1.940 1.940 2.779× 101

100. MeV 1.764× 102 1.818 1.818 3.847× 101

140. MeV 2.218× 102 1.694 1.694 6.137× 101

200. MeV 2.868× 102 1.622 1.622 9.770× 101

300. MeV 3.917× 102 1.595 0.000 1.595 1.601× 102

318. MeV 4.105× 102 1.595 0.000 1.595 Minimum ionization
400. MeV 4.945× 102 1.600 0.000 1.600 2.227× 102

800. MeV 8.995× 102 1.658 0.000 1.659 4.683× 102

1.00 GeV 1.101× 103 1.685 0.000 0.000 1.685 5.879× 102

1.40 GeV 1.502× 103 1.727 0.000 0.001 1.728 8.221× 102

2.00 GeV 2.103× 103 1.774 0.000 0.000 0.001 1.775 1.164× 103

3.00 GeV 3.104× 103 1.826 0.001 0.000 0.001 1.828 1.719× 103

4.00 GeV 4.104× 103 1.861 0.001 0.001 0.002 1.865 2.260× 103

8.00 GeV 8.105× 103 1.944 0.002 0.002 0.004 1.951 4.352× 103

10.0 GeV 1.011× 104 1.969 0.002 0.002 0.005 1.979 5.369× 103

14.0 GeV 1.411× 104 2.007 0.004 0.004 0.007 2.022 7.367× 103

20.0 GeV 2.011× 104 2.046 0.006 0.007 0.009 2.068 1.030× 104

30.0 GeV 3.011× 104 2.089 0.010 0.012 0.014 2.124 1.507× 104

40.0 GeV 4.011× 104 2.118 0.014 0.018 0.018 2.167 1.972× 104

80.0 GeV 8.011× 104 2.185 0.032 0.043 0.035 2.295 3.763× 104

100. GeV 1.001× 105 2.206 0.042 0.057 0.043 2.348 4.624× 104

140. GeV 1.401× 105 2.237 0.062 0.086 0.060 2.444 6.294× 104

200. GeV 2.001× 105 2.269 0.093 0.132 0.085 2.579 8.683× 104

300. GeV 3.001× 105 2.306 0.147 0.210 0.127 2.791 1.241× 105

400. GeV 4.001× 105 2.332 0.204 0.292 0.169 2.997 1.587× 105

800. GeV 8.001× 105 2.396 0.439 0.635 0.342 3.812 2.767× 105

1.00 TeV 1.000× 106 2.416 0.561 0.813 0.430 4.221 3.265× 105

1.33 TeV 1.328× 106 2.443 0.762 1.103 0.577 4.886 Muon critical energy
1.40 TeV 1.400× 106 2.448 0.807 1.168 0.610 5.034 4.132× 105

2.00 TeV 2.000× 106 2.482 1.186 1.713 0.884 6.265 5.198× 105

3.00 TeV 3.000× 106 2.520 1.823 2.622 1.355 8.320 6.579× 105

4.00 TeV 4.000× 106 2.548 2.471 3.545 1.834 10.398 7.652× 105

8.00 TeV 8.000× 106 2.617 5.099 7.267 3.830 18.814 1.047× 106

10.0 TeV 1.000× 107 2.640 6.430 9.144 4.859 23.073 1.143× 106

14.0 TeV 1.400× 107 2.675 9.086 12.881 6.980 31.621 1.291× 106

20.0 TeV 2.000× 107 2.712 13.106 18.522 10.240 44.580 1.450× 106

30.0 TeV 3.000× 107 2.755 19.801 27.902 15.903 66.361 1.632× 106

40.0 TeV 4.000× 107 2.786 26.536 37.316 21.718 88.356 1.763× 106

80.0 TeV 8.000× 107 2.862 53.530 75.009 46.136 177.537 2.076× 106

100. TeV 1.000× 108 2.888 67.060 93.880 58.800 222.628 2.176× 106
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TABLE I-20. Muons in Aluminum
See page 209 for Explanation of Tables

Z A [g/mol] ρ [g/cm3] I [eV] a k = ms x0 x1 C δ0
13 (Al) 26.981538 2.699 166.0 0.08024 3.6345 0.1708 3.0127 4.2395 0.12

T p Ionization Brems Pair prod Photonucl Total CSDA range
[MeV/c] [MeV cm2/g] [g/cm2]

10.0 MeV 4.704× 101 6.188 6.188 9.151× 10−1

14.0 MeV 5.616× 101 4.849 4.849 1.653× 100

20.0 MeV 6.802× 101 3.802 3.802 3.066× 100

30.0 MeV 8.509× 101 2.960 2.961 6.088× 100

40.0 MeV 1.003× 102 2.533 2.533 9.763× 100

80.0 MeV 1.527× 102 1.908 1.908 2.853× 101

100. MeV 1.764× 102 1.797 1.798 3.935× 101

140. MeV 2.218× 102 1.688 1.688 6.242× 101

200. MeV 2.868× 102 1.629 1.630 9.873× 101

277. MeV 3.683× 102 1.615 0.000 1.615 Minimum ionization
300. MeV 3.917× 102 1.616 0.000 1.616 1.605× 102

400. MeV 4.945× 102 1.630 0.000 1.630 2.222× 102

800. MeV 8.995× 102 1.710 0.000 0.000 1.711 4.616× 102

1.00 GeV 1.101× 103 1.744 0.000 0.000 1.745 5.773× 102

1.40 GeV 1.502× 103 1.797 0.001 0.000 0.001 1.799 8.030× 102

2.00 GeV 2.103× 103 1.855 0.001 0.000 0.001 1.858 1.131× 103

3.00 GeV 3.104× 103 1.920 0.002 0.001 0.001 1.925 1.659× 103

4.00 GeV 4.104× 103 1.965 0.002 0.002 0.002 1.971 2.172× 103

8.00 GeV 8.105× 103 2.067 0.006 0.006 0.004 2.082 4.140× 103

10.0 GeV 1.011× 104 2.097 0.008 0.008 0.005 2.117 5.092× 103

14.0 GeV 1.411× 104 2.141 0.012 0.013 0.006 2.172 6.956× 103

20.0 GeV 2.011× 104 2.185 0.018 0.021 0.009 2.233 9.678× 103

30.0 GeV 3.011× 104 2.233 0.030 0.037 0.013 2.312 1.408× 104

40.0 GeV 4.011× 104 2.265 0.042 0.054 0.017 2.377 1.834× 104

80.0 GeV 8.011× 104 2.338 0.095 0.129 0.033 2.594 3.442× 104

100. GeV 1.001× 105 2.360 0.123 0.170 0.040 2.694 4.198× 104

140. GeV 1.401× 105 2.394 0.181 0.253 0.056 2.885 5.633× 104

200. GeV 2.001× 105 2.429 0.272 0.386 0.080 3.167 7.617× 104

300. GeV 3.001× 105 2.469 0.427 0.612 0.120 3.628 1.056× 105

400. GeV 4.001× 105 2.498 0.588 0.847 0.160 4.093 1.316× 105

612. GeV 6.117× 105 2.540 0.939 1.356 0.245 5.080 Muon critical energy
800. GeV 8.001× 105 2.567 1.257 1.817 0.323 5.964 2.121× 105

1.00 TeV 1.000× 106 2.589 1.602 2.317 0.405 6.914 2.432× 105

1.40 TeV 1.400× 106 2.623 2.295 3.312 0.575 8.805 2.944× 105

2.00 TeV 2.000× 106 2.660 3.357 4.833 0.832 11.682 3.533× 105

3.00 TeV 3.000× 106 2.702 5.135 7.362 1.274 16.474 4.251× 105

4.00 TeV 4.000× 106 2.732 6.941 9.923 1.723 21.320 4.783× 105

8.00 TeV 8.000× 106 2.807 14.238 20.228 3.590 40.865 6.115× 105

10.0 TeV 1.000× 107 2.832 17.923 25.414 4.551 50.720 6.554× 105

14.0 TeV 1.400× 107 2.869 25.280 35.752 6.528 70.429 7.220× 105

20.0 TeV 2.000× 107 2.910 36.398 51.336 9.562 100.206 7.931× 105

30.0 TeV 3.000× 107 2.956 54.885 77.275 14.821 149.938 8.741× 105

40.0 TeV 4.000× 107 2.990 73.453 103.289 20.213 199.946 9.317× 105

80.0 TeV 8.000× 107 3.073 147.903 207.426 42.793 401.196 1.070× 106

100. TeV 1.000× 108 3.100 185.220 259.550 54.480 502.351 1.115× 106
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Windows for RF cavities
The pictures below show the result of a thermal analysis carried out on 4 different 
aluminum samples of thickness respectively of 50, 100, 200 and 300 microns.
The temperature raise ranges from 20 °C to 4°C.

No significant increase 
from 200 to 300 micron



Windows for RF cavities

A “step” window design has been conceived as a compromise between emittance 
dilution and the thermal heating.

Preliminary analysis are underway with a step design with an anulus of 20 mm 
radial extension with 300 microns of height against a 100 micron foil.
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ESPP-INFN  New proposal in September 2024

Breakdown rate studies of normal conducting structures operating at electric fields > 30 MV/m up to 
100 MV/m embedded in magnetic fields up to 10 T (mostly with E and B fields parallel to each other) 
represents one of the most exciting and relevant areas in the development of new proposals for 
accelerating machines.

The lack of experimental data and, as a consequence, the difficulties to develop and verify 
theoretical models of the involved phenomena must be addressed in a short period and this 
requires a significant effort involving an approach that will start from material science up to 
accelerator related advanced technologies.

The present proposal represents a unique opportunity in the area due to the possibility to 
take advantage in a short period of already existing testing facilities at LNF for RF power 
studies and the knowledge process under development at LASA related to the design of 
suitable magnet structures and RF cavities.
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ESPP-INFN  New proposal in September 2024

Design, specify and build (internally or commissioning to a company) a SC magnet feeded by a 
cryocooler and with a useful bore of 120 mm to be used in the LNF TEX facility for testing C and X 
band structures about the breakdown rate obtainable. The magnet will provide up to 4 T of magnetic 
field over a length of 200 mm.

Design, specify and build (commissioning to a company) a couple of prototypes of single cells 
and power couplers running at 704 MHz and 1 GHz and aimed for the Muon Collider (MC) project. 
These components will be tested at low power in the RF laboratory under development at LASA 
within the previous ESPP funding.

Design, specify and build (commissioning to a company) a prototype of a full 3 RF cells element 
running at 704 MHz as the basic building block of the MC demonstrator structure. Carry out 
low power tests at LASA and high power RF tests in a laboratory to be identified.

Design and build a RF power coupler (up to few MW) for a 704 MHz and 1 GHz 3 RF cells 
structure.
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ESPP-INFN  New proposal in September 2024

Design, specify and develop a structure able to integrate a 7 T HTS based SC magnet with a full 
3 RF cells elements as a prototype of the first cooling cell of the MC demonstrator structure.

Continue the technological developments underway at LASA and at LNL for the best materials 
and surface manipulation techniques to increase the breakdown rates and start studies that 
using the experimental results will allow to develop suitable theoretical studies of these 
phenomena.



Thank you
for your attention

28



3 cells RF preliminary structure

Figure 18: Design of 3 coupled cells centrally fed by a WR975 waveguide.

Figure 19: Electric field amplitude normalized to the max. CR�1 = 46, CR0 = 50.25
and CR1 = CR�1 for the other geometric parameters refer to Tab. 6

The top circle curvature radius CR is used to ensure the same accelerating gradient
in the cells. In the plot CR denotes the top circle curvature of the central cavity,
whereas CR�1 and CR+1 denote the top circle curvature of the outer cavities.

Figure 20: Electric field phase. CR�1 = 46, CR0 = 50.25 and CR1 = CR�1

Figure 21: Electric Field Plot
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