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Muon Collider Schematic Layout

Proton driven Muon Collider Concept (MAP collaboration)

Proton driver complex 
produce high power 
(few MW) proton 
beam

Proton beam 
hit the target
and produce 
muons

Muons are captured 
and cooled to 
produce low 
emittance muon 
beam

Muon beams are 
accelerated to high 
energy

Positive and 
negative muon 
beams collide 
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Muon Collider promises: Cost and Sustainability

Compactness promises cost effectiveness
And low CO2 footprint for construction

Increasing luminosity per beam power promises 
power efficiency

LHC

FCC

CLIC

MC
10 TeV

MC 3 TeV

Staging is possible
Unique opportunity for a high-energy, high-luminosity lepton collider Courtesy of A. Grudeiev
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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 
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Muon collider and RF system challenges

Normal conducting RF for capture and cooling
• High-gradient cavities in high magnetic field 
• High charge, Huge beam size, Important beam losses
• Peak RF power 

The main challenge of the 
Muon Collider is finite ~2us 
lifetime of the muons. 

Everything must be fast ! ----------------------------------------à High Gradient !!!
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Cooling Channel

cells, each containing four 650 MHz cavities and one LH
wedge absorber to produce the energy loss as before. The
increase in frequency allows a raise in the operating
gradient from 22 to 28 MV=m. This change reduces the

relative fraction of length needed for the rf and gives
more space for solenoidal coils. By carefully examining
Figs. 4(a) and 4(b) and Table I the following points are
noteworthy: First, the dispersion at the cell entrance of

TABLE I. Main parameters of a 12-stage rectilinear 6D cooling lattice before and after recombination. Stages A1–A4 and B1–B4 use
LH absorber while stages B5–B8 use LiH absorber. Dispersion is calculated at the absorber center at the reference momentum of
200 MeV=c.

Stage
Cell

length [m]
Total

length [m]
rf frequency

[MHz]
rf gradient
[MV=m] rf #

rf length
[cm]

Coil tilt
[deg]

Pipe radius
[cm]

Dispersion
[cm]

Wedge angle
[deg]

A1 2.000 132.00 325 22.0 6 25.50 3.1 30.0 10.7 39
A2 1.320 171.60 325 22.0 4 25.00 1.8 25.0 6.8 44
A3 1.000 107.00 650 28.0 5 13.49 1.6 19.0 4.2 100
A4 0.800 70.40 650 28.0 4 13.49 0.7 13.2 1.9 110
B1 2.750 55.00 325 19.0 6 25.00 0.9 28.0 5.2 120
B2 2.000 64.00 325 19.5 5 24.00 1.3 24.0 5.0 117
B3 1.500 81.00 325 21.0 4 24.00 1.1 18.0 4.6 113
B4 1.270 63.50 325 22.5 3 24.00 1.1 14.0 4.0 124
B5 0.806 73.35 650 27.0 4 12.00 0.7 9.0 1.4 61
B6 0.806 62.06 650 28.5 4 12.00 0.7 7.2 1.2 90
B7 0.806 40.30 650 26.0 4 12.00 0.8 4.9 1.1 90
B8 0.806 49.16 650 28.0 4 10.50 0.6 4.5 0.6 120

FIG. 4. Lattice characteristics of the rectilinear 6D cooling channel before bunch recombination: (a) side view of one cell of the first
stage (stage A1); (b) side view of one cell of the last stage (stage A4). The dashed curve shows the beta function versus z in the cell at
200 MeV=c; (c) beta function versus momentum; (d) beta function at the absorber center (dark circles) at 200 MeV=c and peak-on-axis
magnetic field (squares) for all stages. The tilts of solenoids are not shown.

DIKTYS STRATAKIS AND ROBERT B. PALMER Phys. Rev. ST Accel. Beams 18, 031003 (2015)

031003-4

Key parameters, such as the transverse and longitudinal
cooling emittances, are compared against findings from
theoretical calculations. We find good agreement between
simulation and theory and show that with a rectilinear
channel a notable 6D emittance decrease by more than 5
orders of magnitude can be achieved.
The outline of this paper is as follows: In Sec. II, we give

a brief overview of some previously considered ionization
cooling schemes. In Sec. III, we provide details of the
design parameters for the proposed rectilinear channel.
Next, in Sec. IV we review the fundamental ionization
cooling theory. In Sec. V we report the results from our
simulations modeling the aforementioned channel and
compare them with the theoretical values. Finally, we
present our conclusions in Sec. VI. We note that the
subject of this study will be lattices with discrete absorbers,
only.

II. SOME ALTERNATIVE 6D COOLING SCHEMES

Three different geometries for ionization cooling
towards micron-scale emittances as required for a muon
collider have been previously considered. The common

feature for all cases was that the solenoids were slightly
tilted to generate upward dipole fields. In the first, shown in
Fig. 1(a), the lattice is bent into a circle, with the curvature
corresponding to that generated by the dipole components
[17,18]. The ring consists of a series of identical cells with
two or four solenoids in each cell with opposite polarity to
provide transverse focusing. The coils (yellow) are not
evenly spaced; those on either side of the wedge absorber
(magenta) are closer together in order to increase the
focusing at the absorber and thus minimizing the beta
function at that location. The relative amount of cooling can
be adjusted by changing the opening angle and transverse
location of the wedge. A series of rf cavities (dark red) are
used to restore the momentum along the longitudinal axis.
The dispersion necessary for emittance exchange is pro-
vided from the bend field generated by tilting the axes of
the solenoids above and below the orbital midplane.
Simulations have shown that a suitable sequence of such
rings, with multiple stages using different cell lengths,
focusing fields, and rf frequencies, can provide 2 orders of
magnitude reduction of the normalized phase-space volume
with a transmission above 50%. However, injection into or
extraction from such rings would be very challenging.
In the second case, represented in Fig. 1(b), the cooling

cells are set on a gently upward or downward helix (as in
the New York Guggenheim Museum and commonly
referred to by that name). Simulations [19] have shown
that their performance is almost the same as that of rings of
the same approximate bending radii. This case would
appear to be practical for the early stages of 6D cooling,
but would be increasingly difficult as the radii get smaller in
the later stages. An added complication is that stray fields
from one pitch can influence those before and after, causing
the beam to be heavily distorted.
In the third case, essentially the same cells from a ring or

a Guggenheim, including their coil tilts and resulting
upward dipole fields, are laid out in straight (rectilinear)
geometry. The solenoid focusing is so strong, compared
with the dipole deflections, that the closed orbits are merely
displaced laterally, but continue down the now straight
lattice. This rectilinear scheme was proposed for the first
time by Balbekov [20] and is represented in Fig. 2. Despite
its much simpler geometry, it was found [21] that its
cooling performance was essentially the same as with rings

FIG. 1. Some previously considered 6D ionization cooling
lattices: (a) Schematic layout of a ring cooler; (b) 5 turn slice of a
Guggenheim helix. The large yellow cylinders are solenoids, the
small red cylinders are the active volume of the rf cavities, and the
magenta wedges are hydrogen absorbers.

FIG. 2. Conceptual design of a rectilinear channel: (a) top view; (b) side view.

DIKTYS STRATAKIS AND ROBERT B. PALMER Phys. Rev. ST Accel. Beams 18, 031003 (2015)
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12 GW of RF power !
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Cooling Channel

Objectives

• The RF cavities for the cooling channel of the MuCol project require a medium/high 
electric field (nominally 28-30 MV/m) in high magnetic fields (13-15 T)

• This call for a deep understanding of the breakdown phenomena in NC RF cavities 
taking into account the influence of the magnetic field 

• The subject is complicated by the wide range of conditions foreseen in the design 
and by the inherent difficulties of designing experimental test stands
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State of the Art

Challenges:
• High Gradient 
• High magnetic 

field
• High radiation
• Technology far 

from been 
common

  12

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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facility. The following people have provided valuable
advice and support during the design and execution of
this experimental program: Peter Garbincius, Jim Norem,
and Alvin Tollestrup (Fermilab); Don Hartill (Cornell
University); Dan Kaplan (Illinois Institute of
Technology); Bob Palmer (Brookhaven National Lab);
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
by grants from the U.S. Muon Accelerator Program (MAP)
to the Illinois Institute of Technology. This research used
resources of the National Energy Research Scientific
Computing Center, a DOE Office of Science User
Facility supported by the Office of Science of the U.S.
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

20 20 J

D. BOWRING et al. PHYS. REV. ACCEL. BEAMS 23, 072001 (2020)

072001-6

Freq. 
804 MHz

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

RF BREAKDOWN OF 805 MHZ CAVITIES IN STRONG MAGNETIC
FIELDS⇤

D. Bowring, A. Kochemirovskiy, M. Leonova, A. Moretti, M. Palmer, D. Peterson,
K. Yonehara, FNAL, Batavia, IL 60150, USA

B. Freemire, P. Lane, Y. Torun, IIT, Chicago, IL 60616, USA
D. Stratakis, BNL, Upton, NY 11973, USA

A. Haase, SLAC, Menlo Park, CA 94025, USA

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

*dbowring@fnal.gov
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Initial Results for 805 MHz Pillbox

A. Moretti et al., Effects of high solenoidal magnetic fields on rf accelerating cavities,  Phys.Rev.Acc.Beams 8, 
072001 (2005)

Fowler-Nordheim Field Emission 
current:
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Kilpatrick’s Criterion
Kilpatrick’s criterion:
an empirical voltage threshold for vacuum sparking  

o Based on the idea that breakdown happens when regular Field
Emission is enhanced by a cascade of secondary electrons
ejected from the surface by ion bombardment.

o Useful for DC and AC voltages
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Kilpatrick’s Criterion

RF BREAKDOWN STUDIES IN COPPER ELECTRON LINAC STRUCTURES 
J. W. WANG AND G. .4. LOEW 

Stanford Linear Accelerator Center 
Stanford University, Stanford. California 94305 

We note that our experimental points exceed Iiilpatrirk’s predictions 
by a factor of about 8. \I’(: will come bark to discuss this discrepancy 
later in the paper. 

The structures used in the S-band measurements were equipped 
with RF couplers, temperature sensors to measure disk temperature. 
internal probes to measure field emission (FE), glass and copper wim 
dews, external magnet,s, a spectrometer and Faraday rup to measure 
the intensity xnd energy of extracted currents, an x-ray pin-hole ram- 
era. radiation monitors, a TV camera with video recorder to look at 
breakdown sparks, pumps and a residual gas analyzer (RGA). A typi- 
cal setup nsed for the two-cavity n-mode structure is shown in Fig. 2. 

1. Introduction 

This paper presents a summary of RF breakdown-limited electric 
fields observed in experimental linac structures at SLAC and a dis- 
cussion of how these experiments can be interpreted against the back- 
ground of existing, yet incomplete, theories. The motivation of these 
studies, begun in 1984, is to determine the maximum accelerating field 
gradients that might be used safely in fnture e* colliders, to contribute 
to the basic understanding of the RF breakdown mechanism, and to 
discover if a special surface treatment might make it possible to super- 
sede the field limits presently reachable in room temperature copper 
structures. 

2. Experiments and Maximum Field Gradients 

All experiments reported here,’ with the exception of one X-band 
test started in collaboration with LLNL but not yet completed, were 
performed on standing-wave (SW) structures. The S-band exprri- 
lncnts were done on a seven-cavity disk-loaded (2n/3-mode) structurr 
and on a two-cavity nose-cone-shaped (x-mode) structure. powered by 
a klyst.ron opcra.ted up to 47 MW. The C-band and X-band tests, done 
in collaboration with Varian, used nose-cone-shaped half-cavity struc- 
tures povzrcd by -1 MW magnetrons. All measured peak RF input 
powers corresponding to the maximum obtainable breakdown fields 
are summarized iu Table I. The computer program SUPF,RFISII was 
used t,o derive the> relationship between these measured RF power Icv- 
cls and the peak surface fclds given in Table I and plotted in Fig. 1. 
‘l’he predictetl traveling-wave (TW) accelerating fields, also shown in 
‘Table I, were then calculated, assuming a typical SLAC disk-loaded 
structllre with a ratio of peak-surface to average accelerating field of 
1.111. For t,he pulse lengths used in the measurements (~1.5-4 its). 
the obtained brra.kdown-limited copper surface electric field in MV/m 
sr;llcs with frequency roughly as 

E;, - 195[f(GH#” (1) 

‘This approximate relation, which is used to fit only three point> 
obviously subject to experimental errors, is functionally similar to thr 
tratlitional Kilpatrick criterion transcribed here in a somewhat unfx- 
miliar forln: 

E,exp( -.1.25/E~) = 24.7 [f(m)]“* (2) 
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Fig. 1. Peak breakdown surface liclds measured 
as a function of frequency. 

3. Field Emission and RF Breakdown: Theories 
and Observations 

Over the past forty years or so, many theories have been pro- 
posed to explain RF breakdown in the cavities of accelerator strur- 
tures. Combining several of these theories, we believe that the most 
likely model is that RF breakdown occurs when the local field-emitted 
current from a given site causes enough heat dissipation to vaporize a 
small amount of surface material. This material can be either metal 

Table I. Experimel .ally obtained breakdown-limi ed gradients. 

S-band X-band 
Disk-loaded 

llall-ravitv (27i/3-mode) 

C-band 

Half-cavltv 
Disk-loaded Wit b nose cone 
(‘IT/%modci (s-mode) 

.199s 1 9:w:r 1 11.12‘1 l~‘l?:c~“““‘.~. f (1111x) 

‘rut ai length (cm) 

Filling time’ @s) 

Pulse length (HIS) 

Peak power input (11\.\‘) 

1.507 0.806 26.25 

0.17’2 0.082 I 0.028 0.77 1.0 

1.5-2.5 1.5-2.5 

47 10.8 

313 340 

161 175 

-60 -60 

3.5 3.8 I 0.025’ 

0.8 

44 5 

229 

-38 

16.9 

Peak surface field, E, (MV/m) 

Corresponding traveling-wave accelerating fieldt 

Field enhancement factor p (Fowler-Nordheim) 

Peak microscopic field /3E, (GV/m) 1X.8 I 20.4 

“For critical coupling in the case of standing,wave structures. 
tfrcliminary results. limited by available RF power and not by breakdown. 
*Assuming SLAC structure, working in the traveling-wave mode, in which EJ/Earr = 1.94. except for 

X-band disk-loaded TW structure which was built with E,/Eacc = 2.28. 

* LVork supported by the Department of Energy, contract I)E-.4(~03--76SF0()515. 
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powers corresponding to the maximum obtainable breakdown fields 
are summarized iu Table I. The computer program SUPF,RFISII was 
used t,o derive the> relationship between these measured RF power Icv- 
cls and the peak surface fclds given in Table I and plotted in Fig. 1. 
‘l’he predictetl traveling-wave (TW) accelerating fields, also shown in 
‘Table I, were then calculated, assuming a typical SLAC disk-loaded 
structllre with a ratio of peak-surface to average accelerating field of 
1.111. For t,he pulse lengths used in the measurements (~1.5-4 its). 
the obtained brra.kdown-limited copper surface electric field in MV/m 
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3. Field Emission and RF Breakdown: Theories 
and Observations 

Over the past forty years or so, many theories have been pro- 
posed to explain RF breakdown in the cavities of accelerator strur- 
tures. Combining several of these theories, we believe that the most 
likely model is that RF breakdown occurs when the local field-emitted 
current from a given site causes enough heat dissipation to vaporize a 
small amount of surface material. This material can be either metal 
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tfrcliminary results. limited by available RF power and not by breakdown. 
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1989Kilpatrick’s criterion:
an empirical voltage threshold for vacuum sparking  

An expression for the breakdown threshold was
obtained empirically from early experimental
data gathered in the 1950’s:

The expression was reformulated by T. J. Boyd[*]

in 1982 as:

 The threshold voltage varies as the square
root of the applied frequency.

 Kilpatrick already pointed out in this paper
that the threshold could be slightly raised by
processing the electrode surfaces.

[*] T. J. Boyd, Jr. , “Kilpatrick's criterion”, Los Alamos Group AT-1 report AT-1:82-28, February 12, 1982
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Kilpatrick’s Criterion

Chronology (II)

1983 Generalized secondary emission physics package designed in Los Alamos to 
be used with particle-in-cell code

1986 The Kilpatrick’s criterion is revised by J.W.Wang as some experiments
performed at Varian, SLAC, Los Alamos and Germany show the possibility to
go beyond the Kilpatrick’s limitation.

The creation of a microplasma due
to excessive resistive heating in the
microprotusions of the surface
becomes an essential prerequisite
for a breakdown event.

J.W.Wang also explains why ion
bombardment and electron
multipacting are not the main cause
of breakdowns.

Experimental evidence up to now:
tests performed in different scenarios and their results

 Achievable gradients have been increased by carefully RF processing, choosing
appropriate materials and optimizing the accelerating structure RF design.

Year Author Quantity Characteristics
1963 Nicolaev 90 MV/m peak surface ~11 Kilp., 23.6 MHz

1979 Williams

(Los Alamos)

50 MV/m peak surface ~1.6 Kilp., 100 s pulse, 425 MHz

1984 Tanabe

(Varian)

150 MV/m acc. field

300 MV/m peak surface

~6 Kilp., 4.5 s pulses in S-band,

”half” single cavity

1985 Loew, Wang 
(SLAC)

150 MV/m acc. field

300 MV/m peak surface

~6 Kilp., 2.5 s pulses in S-band,

SW 2 /3 mode linac

1986 Tanabe, Loew, 
Wang

445 MV/m peak surface ~7 Kilp., 5 GHz, single cavity

1986 Tanabe, Loew, 
Wang

572 MV/m peak surface ~7 Kilp., 9.3 GHz, single cavity

1994 SLAC/CERN 150 MV/m acc. gradient 130 ns pulse length at 30 GHz, small iris 
structure

2002 CLIC 130 MV/m acc.gradient 15 ns, operated without breakdowns
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Test Stand Proposals

We are in an advanced phase of design related to a couple of tests stands:

• A DC HV test stand with pulsed capabilities embedded in 1 T magnetic field

• A high power (10 MW) S band RF test stand to power a RF cavity installed in the 

bore of a SC magnet.

The DC Test Stand will be put into operation by the beginning of 2024 (orders are 

underway) in an existing experimental area @ LASA. This test stand is very similar in 

the basic design to a reference one designed and installed  at CERN (S. Calatroni and 

the researchers of his group). We added the possibility to have a parallel magnetic 

field.

The S band RF test stand may be installed @ LASA (see final slides of this talk). 
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DC based experimental test stand

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
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DC based LASA Test Stand

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.
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A 3 GHz Proposal for a LASA Test Facility

The simulated models consist of a vacuum 
volume with finite conductivity (copper) 

boundary condition

• Cavity diameter: D = 82.208 mm

• Cavity length: βλ/2 = 50 mm

• Operational frequency: f0 = 2.998 GHz

• Unloaded quality factor: !0 = $%&
'()

= 20714

• Shunt impedance: rSH = 9.57 MΩ

• rSH/ !0 = 462
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A 3 GHz Proposal for a LASA Test Facility
• Waveguide coupler with standard WR229 input.

• λg/4 central section in order to improve the matching between first and last sections.

OUTPUT
WAVE-PORT

λg/4
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A 3 GHz Proposal for a LASA Test Facility
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A 3 GHz Proposal for a LASA Test Facility
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Scandinova and Canon Power Plant

5MW K100, PRF 100Hz and pulse length 2-
3us, equipped with Canon E3779,B

Price of the order of 500-700 kEuro (+ taxes)
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RF Cavity tested within a SC magnet

HTS coils

Two stage 
cryocooler

Thermal 
shield

Vacuum 
vessel

Coil support 
structure

Tie rods for repulsion 
and compression forces

SC HTS coils

Pillbox test cavity
RF Wave guide

The construction of a test bed is an important push toward the definition of a baseline technology
Beside being a key tool for RF tests. However the first rough evaluation was in the 4 M€ range… 

Courtesy of L. Rossi
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RF Cavity tested within a SC magnet

• Redesign to 350 mm free bore 
• à coil dia. ~ 400 mm
• à good for 3 GHz test or higher frequency
• 7 T, parallele and antiparallel coil excitation

• Try to optimize solution for cost saving
• Redesign by end of 2023

• Conclude the 600 mm design
• Detailed design of the 350 mm à cost target < 2 M€

Courtesy of L. Rossi
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A 3 GHz Proposal for a LASA Test Facility

As part of the PNRR-IRIS program and with a significant specific contribution provided by the INFN in 

2023, the construction of an extension based on two laboratories will begin within the LASA premises: 

one called SML (Superconducting Magnet Laboratory) and the other AATF (Advanced Accelerator 
Test Facility) for a total of 2100 m2 spread over an underground bunker and two external floors.

These new laboratories will be available in 2025.
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Thanks for your attention !


