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ABSTRACT

Muon accelerators have a potential to open new paths for advancing particle physics both

in intensity and energy frontier. Short lifetime of muons requires the implementation of

ionization cooling. Most contemporary designs of muon ionization cooling channels require

high-performing normal-conducting RF cavities in external multi-tesla solenoidal magnetic

fields. One of the limitations of evacuated cavities’ performance is RF breakdown. It was

experimentally shown that the presence of external magnetic field increases breakdown rate

at a given gradient. Pulsed heating model of RF breakdown aims to explain the deterioration

of cavity gradients in strong focusing magnetic fields. The model proposes that cyclic fatigue

leads to the metal surface degradation and eventual breakdown. The cyclic fatigue is caused

by the periodic bombardment of inner surfaces of the cavity by dark current electrons,

emitted from local surface imperfections and focused by external magnetic field.

An 805 MHz pillbox cavity was designed to study the effect of external magnetic field

on RF breakdown. Special ”modular” design of the cavity allowed for control over sources

of systematic error and frequent turnaround times for surface inspections. Frequent inner

surface inspections are essential for the breakdown damage tracking and understanding the

effect of different materials on RF breakdown. In this work I will discuss the results of high

power tests of the Modular Cavity with copper and beryllium walls in the range of magnetic

fields. Measured gradient performance is tested against predictions of pulsed heating model,

modified for experimental conditions of the Modular Cavity.
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CHAPTER 1

INTRODUCTION

1.1 Particle accelerators and colliders

Particle physics seeks to understand the most fundamental laws that govern energy and

matter. To move forward, advances in the energy and intensity frontiers are essential. The

majority of modern high-energy physics experiments use particle colliders as experimental

platforms for research. Particle colliders are complex machines that use electromagnetic

fields to accelerate, focus and guide the beam of particles to the collision location. Detectors

around collision point are used to characterize the products of beam collision. Some of the

colliders reach center of mass energy of TeV scale which opens paths to probing nature for

new physics in particle interaction and fundamental laws of particle behavior.

1.2 Muon collider and neutrino factory

Muon accelerators aim to address some of the outstanding questions in modern high energy

physics. Modern accelerators can be categorized as either hadron accelerators or lepton

accelerators. Because muons are 200 times heavier than electrons, the muon’s rest mass

mu = 106 MeV allows it to couple to the Higgs boson via the s-channel in Standard Model

formalism [1]. This opens an opportunity for precision measurements of production and

decay properties of the Higgs boson [2]. At the same time, the heavier mass of the muon

also means orders of magnitude lower synchrotron radiation when accelerated in a curved

trajectory. This can be seen from the formula for synchrotron radiation power loss for

the charged particle moving in external magnetic field in Equation 1.1 [3]. Note that

Pe
Pµ
∝
(
mµ
me

)4
= 1.9×109, means proportionally larger synchrotron radiation loss for electron

beams compared to muon beams.
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P =
1

6πε0

e4

m4c5
B2K2, (1.1)

where ε0 is the permittivity of free space, e is electron charge, m is the mass of the particle,

K is the particle’s kinetic energy, c is the speed of light, and B is the external magnetic field.

Lower radiation loss by muons allows to increase the curvature of their quasi-circular

trajectory by increasing the strength of bending magnetic field B. This advantage creates a

possibility of building a circular muon accelerator on site of existing laboratories, i.e. Fermi-

lab. Figure 1.1 illustrates one proposal for Neutrino Factory and Muon Collider facilities on

the Fermilab site. The characteristic size of the whole accelerator complex is 5 km. Thus,

a muon accelerator offers a significant reduction in size compared to designs of other next

generation high energy colliders, such as CLIC, FCC and ILS [5, 6, 7]. For example, the

planned length of accelerating channel in Compact Linear Collider (CLIC) is 42 km.

Figure 1.1: Possible layout of Neutrino factory and Muon Collider at Fermilab site [4].

Muon accelerators could also explore the physics of neutrino sector. A high-intensity

neutrino beam can be produced from the decay of stored muons in a circular collider. A

so-called “neutrino factory” is capable of creating a beam of well-defined properties and
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low hadronic uncertainties in the energy spectrum [8]. This opens doors to high sensitivity

studies of neutrino CP parity violation, the mass hierarchy problem and unitarity [9].

The muon, has a relatively short lifespan of 2.2 microseconds, compared to other typically

accelerated particles. This makes muons more challenging to accelerate to high energies

while simultaneously keeping the beam focused. Additionally, in the contemporary designs

of muon collider and neutrino factory, muons are produced by the pion decay and have a large

phase emittance ε. Beam emittance is defined as a beam spread in momentum-coordinate

phase space. In order to fit the beam into an aperture of a typical accelerating channel,

it is necessary to reduce the transverse size of the beam by several orders of magnitude.

Similarly, muons must longitudinally fit in RF time bucket for proper acceleration. Most of

the beam cooling methods that have been developed for electrons and protons are suitable

for stable particles only. Standard cooling methods used in accelerator physics are stochastic

cooling, laser cooling, synchrotron cooling and electron cooling. Below I will provide a short

description of each method together with its limitations in the context of muon beam cooling.

• Stochastic cooling uses a feedback loop from beam position monitors to correct the mo-

tion of individual particles or groups of particles by introducing an additional voltage

kick in the transverse direction [10]. Typically, these transverse corrections are applied

for at least several seconds, corresponding to millions of beam periods in a ring, which

makes the technique implementation challenging for short-lived muons. Another prob-

lem arises due to the strict emittance requirements of muon cooling channel designs,

for which thermal noise becomes a significant limiting factor [11].

• Laser cooling uses the electromagnetic flat wave to excite ions [12]. The cooling is

achieved by momentum loss of the ion emitting extra energy in the form of a photon.

Laser cooling techniques are usually limited to ion beams.

• Synchrotron radiation cooling uses the synchrotron radiation of the moving particle to

reduce transverse and longitudinal momentum spread. Due to earlier discussed mass
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term in the power loss Equation 1.1, synchrotron radiation is most effective for light

particles such as electrons and positrons.

• Electron cooling is implemented by injecting an electron beam parallel to the main

beam of heavy particles [13]. It was shown that if velocities of two beams are closely

matched, the temperatures of both systems in a common frame of reference reach

equilibrium. As a result, the transverse motion in the heavy particle beam decreases.

Typical cooling times exceed seconds, making this technique challenging for muon

cooling. Additional limitations to this technique stem from required high electron

density and emittance parameters of primary beam.

The short lifetime of muon and strict limitations imposed on the emittance reduction of

the muon beam requires the development of a conceptually new approach to muon beam

cooling. Ionization cooling is the only viable solution to the problem at this point.

1.3 Muon Ionization Cooling

Muon ionization cooling, first proposed in 1981, achieves cooling by introducing energy dis-

sipative mechanism through particle ionization in medium, leading to ionization momentum

loss [15]. The transverse phase volume of the muon beam is reduced by passing the beam

through an absorber-RF cavity system. Muons lose both transverse and longitudinal mo-

mentum when they pass an absorber. The longitudinal component is then restored via an

accelerating RF cavity. The net effect of passing the “absorber - RF cavity” system is a

reduction of transverse emittance. To keep the beam contained and focused, both absorbers

and RF cavities ought to be placed inside the solenoidal magnetic field [16]. Solenoidal

fields as high as 20 tesla were considered for the end portion of vacuum cooling channel [17].

Figure 1.2 shows a conceptual diagram of the absorber-cavity system.

Transverse emittance reduction can be described by the following formula [18]:
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Figure 1.2: Conceptual diagram of the ionization cooling concept [14]. As the beam passes
the RF cavity - absorber system, its transverse emittance is being reduced while longitudinal
momentum is preserved.

dε⊥
dz

= − dε⊥
β2E

dE

dx
+

β⊥K
2

2β3LEmµ
(1.2)

where ε⊥ is the transverse emittance of the beam, β⊥ is the betatron function calculated

at the center of absorber, L is the radiation length of the material used in absorber, β = v
c

is the relativistic muon speed, E is energy of the muon and mµ is the muon mass. The

first term on the right hand side of the Equation 1.2 corresponds to ionization energy loss

that leads to cooling; the second describes the multiple scattering that leads to the heating

of the beam. Equilibrium emittance is achieved when heating and cooling terms cancel

out, making net cooling effect zero. This imposes a hard limit on the maximum achievable

cooling in given lattice. To minimize the equilibrium emittance, the heating effect needs to

be minimized. In practical terms, it could be achieved by adjusting accelerator parameters

to reduce β and choosing an absorber material with the largest L. To include longitudinal

cooling, a reduction of longitudinal emittance is necessary. In practical designs this can be

achieved through the mechanism of emittance exchange, in which the beam’s longitudinal

size is decreased by increasing its transverse dimensions, a more manageable task. One way of

facilitating this mechanism is to use a dipole magnet that bends the beam so that the higher

energy muons’ trajectory has a longer path through the absorber. This creates a correlation

5



between momentum and the position within the beam. Passing such beam through a wedge

shaped absorber leads to higher energy muons traversing a longer absorbing distance in the

thick part of the material. Therefore, higher energy particles lose more energy, effectively

decreasing the energy spread. However, the transverse size of the beam increases as a result.

Implementation of this mechanism is demonstrated in Figure 1.3.

Figure 1.3: Emittance exchange mechanism: compact beam with longitudinal momentum
spread passes through dipole magnet, creating dispersion in transverse position. The spread
in transverse coordinate is converted to spread in longitudinal momentum as the beam passes
through the wedge-shaped absorber [19].

The international Muon Ionization Cooling Experiment (MICE) at RAL is designed to

demonstrate the proof-of-concept muon ionization cooling and establish the feasibility of

building full-scale muon accelerators [20].

1.4 Muon acceleration - R&D efforts

Significant progress in advancing the technologies for building muon collider and neutrino

factory has been made. The Muon Accelerator Program (MAP) was established in 2010 as a

unified effort in the U.S. for technological development required for building Muon Collider

and Neutrino Factory [21]. Figure 1.4 shows conceptual block diagrams of Neutrino Factory

and Muon Collider [22].
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Figure 1.4: Schematic block diagram for conceptual designs of Neutrino Factory and Muon
Collider [22].

Both designs incorporate common stages of the accelerating complex:

• The proton driver consists of superconducting Linac, Accumulator and Buncher to

deliver an intense proton beam to the target for pion production.

• The Front End portion is responsible for creating high-intensity muon beam from pion

decay, produced in the decay channel after the proton-target collision.

• The Cooling stage provides contained high brightness muon beam delivery to the fi-

nal stages of the machine. It uses ionization cooling mechanism to reduce the beam

emittance by a factor of ∼ 106 and also includes the bunch merging section.

• Muon Acceleration is required to achieve high energies of the muon beams to pro-

vide physics at the relevant collider energies. This stage may include different accel-

erating sub-stages such as linear accelerator, recirculating linac or accelerating syn-

chrotrons [23].
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• Storage rings fulfill two different functions. Decay rings store decaying muons, pro-

viding intense, pure neutrino beams in a neutrino factory. Collider rings provide high

luminosity muon collision at the TeV energy scale. The TeV-energy muon bunches

are accumulated in the rings, increasing the number of colliding particles in a single

collision event.

A high-brightness muon beam produced in the first two stages of the accelerator requires

strong cooling. Figure 1.5 shows the simulated evolution of the transverse and longitudinal

emittance of the beam in the designs of the ionization cooling stages [24]. The resulting

beam must be acceptable for Neutrino physics applications. Therefore, ionization cooling

stages are designed to reduce both space charge limited longitudinal emittance and transverse

emittance. A final cooling stage would perform the emittance exchange between transverse

and longitudinal component to achieve the required beam parameters for a multi-TeV collider

operation with target luminosity of 1034 − 1035 cm−2s−1 [22].

Figure 1.5: Simulated evolution of muon beam emittance for the muon accelerator pro-
gram [22].

Each stage of the accelerator has R&D, technological and implementation challenges. The

8



most relevant for the purpose of this thesis is the requirement for RF cavity performance

in the cooling stage. In particular, normal conducting RF cavities in the hundreds MHz

frequency range must operate at high accelerating gradients in solenoidal magnetic fields of

several tesla.

1.5 Problem of RF breakdown in accelerating cavities

1.5.1 Introduction to RF cavities

Early particle accelerators used electrostatic capacitors to achieve the high voltages needed

for efficient beam acceleration. The Cockcroft-Walton accelerator is an example of such a

machine [25]. Voltage multiplier construction consisted of high voltage transformer, diods

and capacitors. However, the excessive static electric fields at the surface put a limit on

the maximum achievable voltage. For open-air machines, the electric field must not exceed

3 MV/m to avoid spontaneous arc discharges, or DC breakdown.

Oscillating electric fields can be used instead of electrostatic potentials to overcome this

limitation. The first RF linear accelerator was built by Wideroe in 1928 [26]. Since then,

significant progress has been made in designing RF resonators, using both normal-conducting

and super-conducting materials. The range of operating frequencies of RF cavities also varies

significantly depending on the application, from tens of MHz to multi-GHz. RF cavities

can be classified as standing wave structures and traveling wave structures. In standing

wave cavities, incident and reflected electromagnetic waves create a stationary pattern where

amplitude of the wave at a given point varies with time, but its phase is constant. This thesis

considers normal-conducting standing-wave RF cavities with frequency of 805 MHz.

Essentially, an RF (also sometimes referred to as “microwave”) cavity is a metallic struc-

ture capable of sustaining resonant electromagnetic modes in its interior volume. An RF

cavity operating at a certain resonance mode can be modeled by an LRC circuit with very

high quality factor, typically in the range of 104 − 105 for normal conducting and 108 − 109
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for superconducting cavities. The electric field inside the cavity is oscillating and, when

operated in an accelerator, is timed to give an appropriate momentum gain to the passing

beam. Similar to electric field but with a π/2 phase shift, an oscillating magnetic field causes

deflection to the passing particles but no acceleration.

1.5.2 Standing wave pillbox cavity

One of the simplest forms of resonant cavity is a cylindrical “pillbox” cavity. Its cylindrical

shape admits simple closed-form solutions for the electromagnetic field inside the cavity

volume. Figure 1.6 shows the schematic representation of the pillbox cavity of inner radius

R and RF gap length L. This Section largely follows the formalism in [27]. Assuming that

cavity is made of a perfect conductor, the electric field ~E and magnetic induction ~H must

satisfy the boundary conditions:

~n · ~H = 0

~n× ~E = 0,

(1.3)

Figure 1.6: Schematic representation of the cylindrical “pillbox” cavity of inner radius R
and RF gap length L, operating at resonant TM010 mode.

where ~n is the unit vector perpendicular to the conducting surface. Additionally, both fields

must satisfy the electromagnetic wave equations:
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∇2 ~E − 1

c2
∂2 ~E

∂t2
= 0

∇2 ~H − 1

c2
∂2 ~H

∂t2
= 0,

(1.4)

where c is the speed of light and the chosen unit system sets vacuum permeability to be

unity. Two different families of solutions for Equation 1.4 exist. The transverse electric

(TE) modes have a longitudinal component Hz and transverse component Et that are non-

zero, while Ht = Ez = 0. The transverse magnetic (TM) modes have non-zero longitudinal

component Ez and transverse component Ht, while Hz = Et = 0. For the cylindrical pillbox

cavity of length L and radius R, the lowest-frequency TM mode solutions for Equation 1.4

take form [27]:

Ez = Eo Jo(
2.405r

R
) e−iωt

Hφ = −iE0

η
J1(

2.405r

R
) e−iωt

(1.5)

, where J0 and J1 are the zero- and first-order Bessel functions and η = 377 Ω is the

impedance of free space. The resonant frequency of the fundamental TM010 mode is derived

from the boundary conditions in Equation 1.3.

ω =
2.405c

R
(1.6)

satisfies the requirement Hφ(r = R) = 0. The lowest frequency TM mode is often referred

to as the fundamental TM010 mode of the pillbox cavity. Figure 1.7 shows the vector field

pattern of electric and magnetic fields inside the cavity volume. The longitudinal axis of

the cavity becomes a convenient avenue for beam acceleration, as longitudinal magnetic

and transverse electric field components are always zero in TM modes. Additionally, the

longitudinal electric field is maximized in the center providing the most efficient acceleration,

while transverse particle deflection due to the magnetic field is minimized. TE modes, on the

other hand, have no longitudinal electric field component and therefore are of little interest
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for the purposes of beam acceleration.

For a real accelerating cavity, the pillbox geometry needs to be modified to allow a

for beam pipe and power input. Disturbed ideal pillbox geometry makes it impossible to

calculate fields inside the cavity analytically. Commonly, numerical solving algorithms an

computer codes are used to simulate accurate field distributions.

Figure 1.7: Vector plots of electric (left) and magnetic (right) fields in the pillbox cavity for
fundamental TM010 mode. Left - longitudinal Ez component in the r-z plane, right - radial
magnetic component Hr in the perpendicular plane.

The electromagnetic energy density in the cavity volume can be calculated as:

w =
1

2
[ε0E(r, t)2 +

1

µ0
B(r, t)2] (1.7)

where the full time-dependent fields can be expressed as

E(r, t) = E(r) cos(ωt)

B(r, t) = B(r) sin(ωt).

(1.8)

Given the radial symmetry of the field solutions, the total stored energy can be calculated

by integrating the field density over the whole cavity volume at t = 0 as

U =

∫ L

0

∫ R

0
2πr E2(r) dz dr =

L

µ0

∫ R

0
2πr B2(r) dr (1.9)
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Now, using Equation 1.5 one can find the expression for the stored energy in an ideal

pillbox cavity operated at TM010 mode:

U = A1
πR2 L

2µ0c2
E2
0 (1.10)

where A1 = J21 (2.405) ' 0.269 and µ0 = 4π × 10−7 H/m is the permeability of vacuum.

So far the discussion in this section was applied to the case of perfect pillbox cavity,

assuming perfectly conducting wall material. In reality, of course, metal has a finite resistance

at a given RF frequency and wall currents result in dissipated energy in the form of heat.

These Joule heating losses can be quantified:

ps =
1

2
σsH

2(r, t) (1.11)

where ps is the dissipated power per unit area ds and σs is the sheet resistance of material.

Typically, the value of sheet resistance for commonly used metals is in milliohm range.

Because σs is so small, perturbation to the fields by the lossy material can be neglected.

For the TM010 mode the total power loss in cavity walls can be calculated as a sum

of power dissipation in flat endplates and cylindrical body. Endplate is defined as a flat

cylindrical wall of the pillbox cavity. Combining Equations 1.5 and 1.11 gives:

Ploss =
σsE

2
0

η2

(∫ R

0
2πr J21 (

2.405r

R
) dr + A1πRL

)
(1.12)

where the integral part of the equation represents the total loss in the cavity walls and the

second term is power loss in the cylindrical body. The total power loss in the cavity with

on-axis gradient E0 takes the following form for the TM010 mode:

Ploss =
A1

η2
σsE

2
0R(R + L) (1.13)

A common figure of merit for accelerating cavities is the quality factor, defined as the
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ratio of energy stored in a cavity volume to the energy lost per RF cycle:

Q0 =
ω0U

P
(1.14)

where P is the total power dissipated by the cavity walls and ω0 is the resonant frequency.

Typical quality factors for normal conducting cavities are on the order of 104 − 105. The

closed-form equation for the quality factor of ideal pillbox cavity then becomes:

Q0 =
ε0LRη

2

2σs(R + L)
(1.15)

Another commonly used figure of merit is called geometry constant or geometry factor :

G =
ω0µ0

∫
V H

2 dv

σs
∫
S H

2 ds
(1.16)

The geometry factor is a useful quantity as it depends only on the cavity shape and

does not depend on its absolute dimensions, making it easier to compare cavity structures

irrespective of their size. For ideal pillbox cavity, the expression for geometry factor takes

the form 1.17.

G =
2.405 η L

R

2(1 + L
R)

(1.17)

Another figure of merit often used to characterize RF cavities is shunt impedance. In

accelerator physics shunt impedance is defined as:

R =
V 2

Ploss
(1.18)

where V is the peak voltage drop across the cavity gap. Combining results from Equation 1.13

for TM010 mode in pillbox cavity, the expression for the shunt impedance becomes:

R =
4 η2L2

A2
1π

2σsR(R + L)
(1.19)
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Shunt impedance characterizes Joule heating losses in a cavity. In real accelerating

structures it is favorable to maximize R so that the dissipated power is minimal.

Accelerating gradient of the RF cavity is defined as the maximum electric field E on

the beam axis. In the case of pillbox cavity, accelerating gradient is just the electric field

strength on its longitudinal axis.

1.5.3 Phenomenology of RF Breakdown

RF breakdown is a serious problem in the development and operation of RF structures for

modern particle accelerators. The major issues arising from RF breakdown are limitation

on the cavity’s gradient performance and infliction of surface damage. RF breakdown can

be defined as a spark inside the structure that abruptly shorts the cavity’s electromagnetic

field. The spark dissipates stored energy in the form of heat, radiation, and light, causing

local melting on the surface and a spike in vacuum pressure. The energy released also varies

greatly with the type of structure and stored energy in the resonator right before breakdown

initiation. Generally, RF breakdown is accompanied by bursts of visible light, electron

current emission, and radiation (mostly X-rays), increased vacuum activity, and distortion

in RF transmitted and reflected power signals compared to normal operation. Figure 1.8

demonstrates an example of two typical RF pulses, one for a normal RF pulse and another for

a pulse that triggers breakdown. Breakdowns are typically observed in areas of a cavity with

strong surface electric fields. Breakdown-caused damage takes the form of melted material,

often in the form of a crater or Lichtenberg figure [28].

The duration of breakdown events can vary from nanoseconds to microseconds, depending

on the set of operating parameters. Among these parameters are resonant frequency of the

structure, input RF power value, RF pulse length, geometry of the cavity, material and

general conditions of the critical surfaces exposed to a high surface electric and magnetic

field, vacuum pressure, operating temperature etc.

The range of magnitudes of these parameters and varying operating conditions make
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Figure 1.8: Envelope of pickup signal (blue), NaI radiation detector (green), reflected power
(red) for normal event (left) and breakdown event (right). Note that decay time constant of
the gradient (traced by pickup signal) is several times shorter for breakdown event.

the phenomenon of RF breakdown hard to study. In particular, short timescales and MW-

scale power RF conditions make it very challenging to instrument comprehensive diagnostic

systems on a microscopic level. Macroscopic studies of RF breakdown were performed ex-

tensively [29, 30, 31].

Another reason why RF breakdown is a challenging phenomenon to study is the mix of

disciplines it touches upon: material science, surface effects, plasma physics, crystallography,

molecular dynamics etc. are all relevant for understanding the full picture of breakdown

physics. In this dissertation I will be discussing the RF breakdown in vacuum, i.e. the

gaseous mean free collision path for electrons is greater than the characteristic dimensions

of the resonator.

1.5.4 Common wisdom in the RF breakdown community

Several attempts have been made to consolidate breakdown observations into one compre-

hensive model. These models of RF breakdown can be classified by initiation mechanism.

Mechanisms can be grouped as [32]:

• Cathode models, in which RF breakdown is triggered by the cathodic field emission
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from microscopic protrusions on the surface [33, 34, 35]. It is important to note that

in oscillating an RF electric field, the cathode and the anode reverse every RF cycle.

Usually, the surface that emits electrons is referred to as the cathode while the surface

that gets impacted by electrons is referred to as the anode.

• Exchange models that are based on the secondary emission of electrons and motion of

ions between two electrodes [36]. Electrons emitted from the cathode are impacting

on the anode, causing secondary electron emission. These electrons are in turn can

be accelerated in the RF fields and impact on the anode surface creating the feedback

loop between the anode and the cathode.

• Anode models that are based on ionization processes developing near anodes bom-

barded by electron currents coming from cathode [37].

There is no one commonly accepted theory describing all breakdown stages. However,

there is a set of universally accepted observations about breakdown phenomena:

• RF breakdown is preceded by increased dark current emission. Dark current is the

process of electron emission inside the cavity volume from the inner surfaces. X-ray

radiation measurements and direct current measurements showed the presence of elec-

tron current in the accelerating gap of the cavity with no beam present [38, 39, 40].

Directly before the breakdown, dark current density increases sharply, which testifies

to the crucial role that dark current electrons play in the process of breakdown trig-

gering.

There is a disagreement in the nature of dark current sources. Most models consider

needle-like, microscopic surface protrusions that create an enhanced electric field region

at the tip and can also potentially lower the work function of metal locally, facilitat-

ing stronger electron emission. The average field-emitted current density Jc can be

calculated from the Fowler-Nordheim formula modified for the RF case [66]:
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Jc = 5.7× 10−16
104.52 · φ0.5

φ1.75
(βGs)

2.5 exp
(
− 6.53× 109φ1.5

βGs

)
(1.20)

where Jc is in A/cm2 , φ is the metal work function in eV, Gs is the maximum surface

gradient expressed in MV/m and β is the local field enhancement factor that generally

depends on the geometry of the emitter.

• Breakdown depends on the frequency of RF structure. Threshold breakdown electric

field can be defined as the maximum surface electric with controlled breakdown rate.

The threshold breakdown electric field increases with higher RF frequency. In 1957

Kilpatrick summarized known experimental data with a simple empirical criterion for

the maximum electric field allowed for a given RF frequency [41]:

f = 1.64 · E(MV/m)2 · exp (− 8.5

E(MV/m)
)MHz (1.21)

As can be seen from this expression, the threshold voltage is to proportional to the

square root of applied RF frequency.

Kilpatrick also pointed out that the threshold could be slightly raised by surface pro-

cessing methods. Surface processing refers to improving surface quality by treatment

techniques or operating in high electric field environment. Since 1957, several experi-

mental groups achieved gradients exceeding limitations posed by Kilpatrick criterion.

Notably, the CLIC group demonstrated stable operation above 100 MV/m peak field

in 11.4 GHz cavities [42].

• Breakdown causes surface damage. One of the consequences of RF breakdown is surface

damage in RF structures. The damage can take different forms, like melted craters,

surface cracks, and/or morphological changes to the surface structure [43, 44, 45]. All

these types of damage can potentially lead to a decrease in the stable operating gradient

of an RF cavity. The magnitude of damage caused by breakdown depends on operating
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conditions of the system, the most significant one being energy in the system available

for breakdown arc dissipation.

• Breakdown rate depends on RF pulse duration and cavity gradient. Recent studies at

CERN show empirical dependence of breakdown rate (BDR) on pulse length, with

the breakdown rate defined as ratio of breakdown events per number of RF pulses.

Specifically, they report BDR to be proportional to E30τ5 at X-band RF frequencies

(between 7 GHz and 12 GHz), where E is average gradient and τ is pulse length [46].

• Breakdown rate depends on the surface treatment. Breakdown is commonly considered

as being triggered from local surface defects. Generally, surfaces with lower defects

density and less pronounced shape irregularities perform better.

• Breakdown is sensitive to the material. Observations of surface damage suggests that

material choice is one of the limiting factors for breakdown. The majority of RF cavities

are made out of copper - a material with high RF and thermal conductivity, reasonable

price, and easy machining properties. Other materials that have been studied include

gold, stainless steel, tungsten. A general observed trend is that relatively soft materials,

such as gold, are less susceptible to breakdown compared to hard materials, such as

stainless steel or tungsten [47]. Common parameter of “softness” is the tensile strength

of the material.

• Breakdown events are accompanied by radiation, light and sound bursts. Vacuum arcs

are local plasma discharges near the surface, accompanied by quick rise in detected

radiation and light signals in visible spectrum. Ion bombardment of the surface during

the discharge also creates the vibration of the structure walls which can be picked up

by sensitive acoustic detectors [79].
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1.5.5 RF breakdown in external magnetic field

As was mentioned in the introductory section, the designs of vacuum ionization cooling

channel require operating normal conducting RF cavities in multi-tesla external mangetic

field. Compared to other cavity geometries, pillbox-type structures are able to provide

gradients close to the maximum on-axis surface field. To allow for muon beam passage, cavity

can be equipped with thin beryllium windows in the center of the cavity’s flat walls [48].

Gradient performance of 805 MHz pillbox-like cavities in an external magnetic field was

tested at Fermilab. Strong dependence was observed between maximum stable gradient and

magnetic field strength. Additionally, damage on the flat walls in the form of pits and spray-

ing of copper droplets indicated destructive nature of breakdown in testing conditions [50].

Moreover, it was noted that gradient performance of the cavity in external magnetic field

deteriorated over time. Figure 1.9 shows the gradient dependence on the external axial

magnetic field in pillbox-like cavity experiment.

Figure 1.9: Breakdown gradients vs external magnetic field for pillbox-like 805 MHz cav-
ity [50].

A similar experiment with a multicell 805MHz cavity tested in external magnetic field

demonstrated deterioration in maximum operating gradient [49]. However, measured dark

current and radiation were increased by a factor of 4 when operating in three tesla field. The
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observed damage on the flat cavity window corresponded to the impact location of focused

dark current beams emitted from an enhanced electric field region near the iris. Figure 1.10

shows the schematic of the multi-cell cavity, tested at lab G at the Fermilab.

Figure 1.10: Schematic drawing for multi-cell cavity test. Red and blue dotted lines corre-
spond to the hypothetical trajectories of electrons emitted from high-curvature irises [50].

Several cavities were tested at the Fermilab’s MTA (see Section 2.1) studying their be-

havior in axial magnetic field. Summary and results of those experiments will be discussed

in detail in Section 2.2.
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CHAPTER 2

OVERVIEW OF EXPERIMENTAL PLATFORM

2.1 MTA experimental hall

Mucool Testing Area (MTA) is an experimental underground hall that was built at Fermilab

to enable R&D efforts in RF structures for muon ionization cooling channels [51]. The goal

of the facility is to develop high-gradient RF cavities capable of operating reliably in the

environment of strong external magnetic fields and large radiation dosage generated by high

gradient. The following capabilities and instrumentation are the part of the MTA:

• 12 x 6 meters experimental hall, shielded for X-rays with several feet of concrete block

wall. The experimental hall is placed 3 meters underground with a labyrinth entrance

and safety interlock doors for access.

• Spare 805 MHz Linac station is used to deliver power to the MTA experimental hall.

The power is delivered through the 100 meter long WR-975 waveguide. 18 kV, 25 kW

supply with modulator form RF pulse. The klystron, capable of producing a 12 MW RF

signal with a maximum repetition rate of 15 Hz, is used as a power source. Pressurized

waveguide equipped with Photo-Multiplication Tube (PMT) amplifier for breakdown

detection and interlock system capable of shutting down the power to prevent damage

is used to deliver the power to the MTA.

• A superconducting solenoid capable of generating a uniform magnetic field up to 5 T.

The warm bore of the magnet is 44 cm and is large enough to fit 805 MHz cavity.

Solenoid consists of two coils which can be energized with the common or opposing

polarity. The magnet’s 300 A, 7 V power supply is quench-protected.

• A cryogenic plant, providing liquid helium and nitrogen. A distribution system delivers

gas for magnet cooling.
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• Gas distribution and safety systems for operating cavities in the high-pressure gaseous

environment.

• Turbo, ion and dry vacuum pumps to maintain cavity base pressures below 10−7 torr.

• A beamline capable of delivering 400 MeV H- beam from Fermilab’s Linac with a

maximum intensity of 7.5 × 1012 particles per pulse. The beamline is equipped with

focusing magnets, beam profile monitors, and other supporting diagnostics. The pur-

pose of testing RF cavities with external beam is to study the effect of beam on cavity

performance and on RF breakdown in particular [52].

• A class 100 portable clean room that allows for local cavity assembly and inspection

work.

• A Neslab HX500 water cooling system with temperature controlled circulator located

in the cryoplant’s compressor room. Water cooling allows for temperature regulation

over RF cavities during high power operation.

• Extensive instrumentation and diagnostic tools for cavity operation and signal charac-

terization (described in Section 2.5), for example, the ionization chamber for radiation

detection.

2.2 Experimental programs in the MTA

Several 805 MHz and 201 MHz cavities were tested at Fermilab. The main goal of these

tests was to converge on the optimal design for cavities used in the muon ionization cooling

channels. RF breakdown in strong external magnetic field is a serious obstacle in using

normal conducting cavities in proposed designs for ionization cooling channel. In this section

I will discuss some significant results of operation of 805 MHz cavities in strong magnetic

fields in Fermilab’s MTA.
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2.2.1 Pillbox cavity with grid windows

An 805 MHz pillbox-like cavity with RF gap length of 8.1 cm and 15.8 cm radius was tested

in magnetic fields up to 5 tesla [53]. RF power is coupled through an aperture in the side wall

of the cavity via a curved iris at the attachment point. Figure 2.1 shows the schematic of

the cavity and simulated electric field distribution. The pillbox cavity was tested in several

configurations of side walls: flat copper walls, copper walls with thin beryllium windows,

copper and beryllium buttons in the center of the wall, and ”grid” metal windows. I will

discuss the motivation behind these configurations and main results of the high power tests.

Figure 2.1: Schematic of the pillbox-like cavity (left) and simulated in OMEGA3P [100]
electric field distribution (right) [45, 54].

In real ionization cooling channels cavities must allow for muon beam passing, which

is not the case for traditional thick copper wall cavity. One solution is to introduce thin

beryllium apertures allowing beam to pass while preserving the high shunt impedance (see

section 1.5.2). Thin, curved beryllium windows have been successfully used in 201 MHz

cavity [55]. The windows were coated with TiN layer to suppress multipacting. However in

practical terms, use of beryllium is usually expensive and the hazardous nature of material

requires extra safety measures.

An alternative approach is to use grid of metal tubes as a beam window. To be an effective
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solution, the grid window must minimally scatter high energy muons, be conductive to allow

for power dissipation, allow for reliable high vacuum sealing, and possess mechanical strength

capable of withstanding plastic deformation from pulsed heating. Windows satisfying these

conditioning were used in high power tests of the pillbox cavity [56]. Figure 2.2 shows the

implementation of the gridd window design.

Figure 2.2: Partially disassembled pillbox cavity wall with one visible aluminum grid win-
dow [54].

Achieved accelerating gradients at high power runs in axial magnetic field with gridd window

and beryllium window configurations will be discussed in Section 2.4.

To study the effect of different materials on breakdown phenomenon in external mag-

netic fields, another modification to the pillbox geometry was introduced. Pairs of copper

and beryllium “buttons” were mounted on the cavity’s longitudinal axis, creating enhanced

electric field regions and, hence, inducing the breakdown in the vicinity of the button surface.

Analysis of button damage suggests that beryllium is less susceptible to breakdown damage

compared to Copper [45]. The arc current density of breakdown was estimated to range

from 109 to 1011 A/m2.
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2.2.2 805 MHz High Pressure RF cavity program

Another approach for achieving muon ionization cooling combines the absorber and RF

cavity. The Helical Cooling Channel (HCC) scheme was developed for the muon collider

[59]. The concept of HCC combines functions of the RF cavity and absorber into one,

by using a system of RF cavities filled with gas pressured up to 180 atm along the beam

trajectory. The beam passes this system under external solenoidal and helical dipole fields,

losing energy and undergoing dispersion effects at the same time. Figure 2.3 demonstrates

the concept of Helical Cooling Channel design.

Figure 2.3: 3D view of HCC portion (left) and cutaway view of the same section with labeled
components (right) [60]. ”HS coils” refers to magnetic coils.

Most HCC concepts include normal-conducting RF cavities filled with high-pressure gas

operating in multi-tesla external magnetic fields. In contrast to vacuum cavities, the gas

acts also as an absorber of dark current electrons, suppressing the initiation stage of RF

breakdown. Cavity capable of sustaining high internal pressure was designed and tested at

the MTA with the purpose of studying operational and breakdown limits for different gases,

gas pressures and surface materials [61]. A summary of high-power tests in an external mag-

netic field of 3 tesla is shown in Figure 2.4. Results demonstrate that at low gas pressures,

the Paschen effect is the main limiting factor for accelerating gradient [62]. At higher hy-

drogen pressure, the breakdown gradient significantly exceeds gradients achieved in previous

vacuum cavities. Another important result is that the breakdown gradient is independent
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(within measurement error) of the external magnetic field. Thus, high-pressure cavity tests

demonstrated a viable solution to the problem of RF breakdown in external magnetic fields

in the context of muon ionization cooling designs.

Figure 2.4: Measured maximum stable accelerating gradients for copper(red), molybdenum
(green) and beryllium (blue) at 0 T and molybdenum at 3 T (purple) [63].

2.2.3 “All-Seasons” cavity

.

A cavity capable of operating both under high vacuum and filled with high-pressure gas,

”a cavity for all seasons “ was developed to study the role of gas pressure in the suppression of

breakdown [57]. The experimental goals for the All-Seasons cavity included measurement of

maximum stable operating gradient for external magnetic fields in the range of up to 5 tesla

and for cavity pressure between 10−8 torr and 100 atmospheres, as well as optimization of

conditioning sequence for best gradient performance. Figure 2.5 shows the cross-section of

the cavity with simulated electric field distribution and a view of the cavity interior. Table 2.1
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summarizes properties of the cavity.

Figure 2.5: All-seasons cavity interior (left) and cross section of the cavity with electric
fieldmap simulated in OMEGA3P. Cavity material is copper-plated stainless steel.

Table 2.1: RF Properties of All-seasons cavity [58].

Parameter Value
Frequency 810.4 MHz
Q0, QL 28000, 15500
Coupling constant, β 0.8
Gap length 14.5 cm

Base vacuum pressure 3× 10−8 torr
Pulse length 30 µs
Stored energy at 20 MV/m 5 Joules
Pulse repetition rate 1 Hz

The All-seasons cavity was operated in magnetic fields between 0 and 5 tesla. After

its last high power test the cavity was disassembled and inspected. Approximately 400

breakdown damage sites were found on each cavity wall. The structure of the cavity did not

allow for surface inspection in-between runs at different magnetic fields, so it is impossible

to assign each pit to magnetic field value. Characteristic breakdown damage is shown in

Figure 2.6. The average volume of melted material of each pit is estimated to be around

0.1 mm3. The energy required to melt such amount of copper is 0.4 J, while the amount of

energy stored in the cavity at 20 MV/m is 5 J.

Damage inspection also revealed one-to-one correspondence between damage sites on the

opposing walls of the cavity. Approximate 40% of the pits had a corresponding damage
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Figure 2.6: Microscopic images of typical breakdown damage sites in the All-seasons cavity.
Characteristic diameter of each pit is around 1 mm.

site on the opposing surface. Figure 2.7 shows the matching of certain pit patterns on the

opposing walls. In-depth analysis of damage matching in magnetic field will be discussed in

Section 3.2, when discussing inspection results of Modular Cavity.

Figure 2.7: Left - distribution of breakdown damage sites on two opposing endplates. Blue
circles correspond to the upstream plate, red circles to the downstream plate. Corresponding
pairs are connected with lines. Right - micrographic example of matching patterns on the
opposing plates [58].

The All-seasons cavity demonstrated record gradient when operated in 5 tesla magnetic

field. Discussion on gradient performance of All-seasons cavity follows in Section 2.3.
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2.2.4 201 MHz MICE cavity

.

A 201 MHz pillbox-like cavity was built for the final stages of MICE experiment [20].

Capabilities of MTA allowed for testing the module prototype cavity in the conditions close

to MICE. The parameters of the MICE cavity are listed in the Table 2.2. The cavity’s inner

surface was electropolished to suppress field emission and reduce multipacting [64].

Table 2.2: Parameters and run configuration of MICE cavity.

Parameter Value
Frequency 210.25 MHz
Q0 53,500
Gap length 42 cm
Inner radius 61 cm
Beam iris radius 21 cm
Peak stable gradient 10.6 MV/m
Pulse length 180 µs
RF rep rate 5 Hz

The cavity was successfully tested with no detected breakdown events at the target

gradient of 10.6 MV/m in the fringe field of MTA’s 5 tesla magnet [65]. Such external

magnetic field configuration is close to one assumed in the actual cooling channel.

2.3 Pulsed heating model of RF breakdown in magnetic fields

The pulsed heating model, proposed by Stratakis, Gallardo and Palmer, explains why we

see the deterioration of the gradient in the presence of external axial magnetic fields [66].

The model estimates the limitations on the maximum achievable gradient by considering

local surface heating effects. Metal surfaces have intrinsic defects (i.e. an asperity) that

create electric field enhancement and boost electron field emission according to mechanism

described by Fowler and Nordheim (see Section 1.5.4). Dark current, emitted from these

asperities on the inner walls, gets focused by the magnetic field and repeatedly bombards a

particular spot on the opposing wall. This bombardment heats up this spot over and over,
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leading to the pulsed heating of local surface area. When this local temperature rise become

larger than a critical value it can lead to plastic deformation, changes in surface topology,

and eventually RF breakdown may be triggered [67]. This effect puts a limit on the gradients

that can be achieved in strong magnetic fields. More detailed view on the pulsed heating

model will be offered in Section 4.

Considering common operating conditions in previous experiments conducted in the

MTA, Stratakis et al. produced predictions on the maximum operating gradient that can

be achieved in an 805 MHz cavity with pillbox-like geometry. The result can be seen in

Figure 2.8, where the black line corresponds to theoretical predictions of the model.

Figure 2.8: Predictions of the pulsed heating model for maximum gradients in 805 MHz
pillbox-like cavity to reach critical local surface temperature [66]. Black crosses correspond
to measured maximum gradients in a pillbox cavity [68].

As a consequence of the model and the MTA tests described in this Section, there are

several potential ways one can consider to mitigate the effect of pulsed heating:

• Improve surface conditions of the cavity by applying various surface treatments, like

polishing, aiming to decrease the amount and prominence of the defects that might

lead to field emission of electrons. Some of the cavities tested at MTA were chemi-
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cally polished (Modular Cavity, see Section 2.5) and electro-polished (201 MHz MICE

cavity).

• Decrease the impact energy of dark current electrons by extending the RF gap of the

cavity, effectively increasing the transit-time factor. In other terms, if the flight time

of an electron traversing the cavity is longer than the half period of RF oscillation,

its kinetic energy will decreased by the opposing electrical force. As a demonstration,

consider a standard 805 MHz pillbox cavity with RF gap length Lp = 10.2 cm and

All-season pillbox-like cavity with a longer gap of La =14.5 cm. Calculated impact

energy of electron emitted at π/2 RF phase 20 MV/m gradient is Ea = 1.7 MeV in

pillbox cavity and Ep = 0.7 MeV in All-season cavity. Lower energy electrons typically

deposit less energy close to the surface of material they impact on, as the stopping

power dE
dx of the material positively correlates with the particle’s impact energy.

• Change E ‖ B condition so that electrons are deflected to the sides of the cavity. This

concept was tested in the MTA on specially designed Box Cavity [69]. The main idea

of Box Cavity geometry is to suppress surface damage caused by the focused beamlets

of dark current electrons. Deflection is achieved by the external magnetic field being

directed perpendicular to the electric field. The concept showed improved results over

limited range of orientations. However, significantly lower shunt impedance of this

cavity compared to standard pillbox geometry makes box-type cavity solutions power

costly.

• Use materials with higher radiation length of electrons compared to copper (e.g. beryl-

lium). Such materials would allow electrons to pass through the bulk of the material

without depositing kinetic energy in the form of heat near the surface. For more

discussion see Chapter 4.
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2.4 Summary of gradient measurements in magnetic fields for

805 MHz cavities

Several experiments based in the MTA measured the high-gradient performance of 805 MHz

cavities, as discussed in Section 2.2. The experimental data is summarized in Figure 2.9.

Figure 2.9: Gradient performance of 805 MHz cavities. Colored data points correspond to
measured safe operating gradient of different cavity configurations tested in the MTA. The
solid black line shows the prediction of the pulsed heating model [70].

It can be seen that experimentally measured gradients generally follow the trend of

pulsed heating model predictions, but there is also some discrepancy between theory and

experiment. The list of possible reasons why this discrepancy varies from one cavity to

another includes:

• Lack of careful surface treatment. The pillbox-like cavity (marked as “2 Cu walls” in

Figure 2.9) was machined copper structure without more delicate surface treatment.

Its gradient performance is inferior compared to other tested cavities.

• Choice of the flat walls material. Some tested configurations included beryllium as the

material of choice. Having longer radiation length for electrons compared to copper,
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beryllium is less susceptible to dark current damage. As an illustration, the impacting

electron with kinetic energy of 1 MeV sees the the stopping power near the surface(dE
dx

)
Be = 2.5 MeV/cm in beryllium and

(dE
dx

)
Cu = 22.2 MeV/cm in copper. Another

type of configuration involved gridded windows that allowed the majority of dark

current electrons to exit cavity volume without impacting the walls.

• Cavity geometry affecting electron impact energy. The geometry of the cavity has an

effect on the impact energy of dark current electrons inside the cavity. The All-seasons

cavity’ has a longer RF gap (15cm) compared to other 805 MHz pillbox-like cavities

tested at the MTA. that increased the transit-time factor of electron traversing the

cavity gap, effectively decreasing the electron energy upon impact.

• Coupler design with electric field enhancement regions. Field enhancement regions

around the coupler facilitate field emission and increase the probability of local break-

down. The operating gradient of such cavities is limited by the breakdowns occurring

in the coupler region rather than on-axis. Pillbox cavity tested at the MTA had the

surface electric field near the coupler larger than on-axis.

• Conditioning history of the cavity. As the cavity undergoes the high power testing its

surface condition evolves. Surface changes include but are not limited to local baking,

pulsed heating damage, breakdown damage, evaporation of emitters etc. Depending on

operating history of the cavity it might perform differently under similar conditions [71].

2.5 Modular cavity

2.5.1 Motivation

High power experiments at the MTA, outlined in previous sections, provided motivation

for further systematic studies of RF breakdown in strong magnetic fields in controlled con-

ditions [72]. Those cavities’ designs did not allow for frequent surface inspection between
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high power operations, making the tracking of surface damage under different operating

conditions impossible. Additionally, most cavities’ designs featured field enhanced regions

near coupler that contributed to increased breakdown activity off cavity longitudinal axis.

Effects of cavity geometry, in particular coupler design, were difficult to directly compare

across different cavities. A new design of the cavity, allowing for better systematic studies

of RF breakdown in strong magnetic field in controlled operating conditions, was called for.

2.5.2 Design and capabilities

An 805 MHz “Modular” cavity was designed and built with removable flat end walls to

facilitate surface inspection between high-power runs in different conditions and trace the

effect of different materials on breakdown behavior. Additionally, modular design of the

cavity opens the possibility of evaluating breakdown effects at different values of stored

energy by changing the central cavity body. Modular Cavity’s design fits requirements for

practical use in the actual ionization cooling channels of muon collider or neutrino factory.

At the same time, the cavity is integrable into the MTA facility.

Figure 2.10: 3D model (left) and exploded view (right) of modular cavity, showing the as-
sembly process of a flat wall [73]. The flat endplate is mounted on the cylindrical body (both
shown in orange) of the cavity and sealed with the clamp rign (green). Two instrumentation
ports on the cavity body are shown in red. Flat waveguide (blue) is shown in blue.

Figure 2.10 shows an exploded view of the cavity body and waveguide geometry. Cavity

consists of the a cylindrical body (14.2 cm in radius and 10.4 cm in inner length) and two flat

end walls, each 1.42 cm thick. The stainless steel clamp ring at the perimeter of cavity body
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is designed to clamp the flat end walls to the cavity body, providing required pressure for

good vacuum and RF contact. Water lines built into the cavity body and across the front of

the flat endplates provide temperature regulation of the body and endplates. This helps limit

the temperature deviation across the cavity walls during high power tests. The maximum

measured temperature rise during operation was 10 oC. Six instrumentation ports on the

circumference of the cylindrical cavity body accommodate pickup loops measuring cavity

gradient and optical fibers for spark detection. Flat waveguide components are stainless steel

plated in copper. The Modular Cavity design uses magnetic coupling to transmit power into

the cavity through the 56-cm long narrow waveguide. Standard WR-975 waveguide is used

to transmit power from the source to the narrow portion.

Figure 2.11 demonstrates the interior design of the modular cavity. The inner surface

of the flat copper walls is coated with 20 nm a thin layer of titanium nitride. To create

proper RF contact, a ∼ 2 mm thin copper gasket is placed in the groove next to the O-

ring. During the assembly process, the stainless steel clamp is bolted in sealing the cavity

with the flat endwall. The fully annealed soft copper gasket is compressed between the

body and the plate, deforming for optimal RF contact. The full modular cavity assembly

is shown on Figure 2.12. The cavity is placed on rails, mirroring the rails mounted in the

MTA superconducting magnet bore, making the process of installing the cavity into the

bore easier. A schematic of the Modular Cavity installed in the magnet bore is shown in

Figure 2.13. Cylindrical stainless steel flanges on the waveguide couple to turbo and ion

pumps. Ceramic window in the WR-975 waveguide upstream from vacuum ports is installed

to separate the 1-atm power transmission system from the evacuated cavity volume. The

base vacuum pressure of the Modular Cavity is 3x10−8 torr.

Another design aspect of the cavity is the low ratio of peak surface electric filed on the

main axis to the surface field in other regions of the cavity. As mentioned before, previously

tested 805 MHz cavities in the MTA have experienced RF breakdowns in the coupler region,

where the high curvature metal features were creating an electric field enhancement. In
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Figure 2.11: Interior view of the Modular Cavity. Six holes in the cylindrical body are
instrumentation ports described above. The black rubber O-ring provides the vacuum seal
of the interior volume.

Figure 2.12: Modular cavity assembly setup. Cavity body clamped with the flat copper
endwall is attached to the flat waveguide. The whole construction is attached to the fixture
on rails.

order to avoid this additional complication, one needs to make sure that most breakdowns

are localized on the flat endwalls surface. As breakdown probability is typically approximated

by the power law of local peak electric field (see section 1.5.4), it is important to keep the

ratio of peak surface electric field on the main axis to that near the coupler region. To make

sure this ratio is maximized, SLAC’s ACE3P finite-element simulation code was used in the

design of modular cavity [78]. Simulated ratio for the Modular Cavity design is f = 5.2.
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Figure 2.13: Modular cavity installed in the bore of MTA’s superconducting magnet [73].

Figure 2.14 shows the color-coded distribution of peak electric and magnetic fields across

the cavity and waveguide volume. Note that peak values for magnetic and electric field are

separated by π/2 phase shift.

Another coupler design limitation is due to multipacting behavior. The multipacting

effect refers to the phenomenon when stray electrons impact on the cavity’s inner surface,

causing secondary electron emission from that surface. These newly emitted electrons are

again accelerated by the RF fields creating electron avalanche effect. Two types of mul-

tipacting behavior are relevant for designs of modular cavity: two-point multipacting and

single-point multipacting. Single point multipacting occurs when emitted electrons impact

back on their emission site. Two-point multipacting is a more prevalent issue for metal

cavities and occurs at a resonance between the electron travel time and the RF phase of

impact events of primary and secondary electrons [74]. Essential to multipacting effect is

the secondary emission yield profile of the surface - average number of secondary electrons

emitted after primary electron impact. Typical secondary yield of metals used in modern

RF cavities exceeds one, making them susceptible to multipacting. To suppress secondary

emission, inner surfaces of flat beryllium and copper endplates used in modular cavity ex-

periments were coated with the thin (∼20 nm) layer of titanium nitride, material with lower

secondary electron yield [75]. Typical secondary electron yield for 500 eV electrons is 2.1-2.3
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for unprocessed copper and 1.2 - 1.8 for TiN coating [76, 77].

Track3P, a particle tracking code, was used in finalizing the coupler geometry for the

range of external magnetic fields and accelerating gradients. The optimized geometry of the

coupler allowed to minimize the multipacting effect on cavity operation [73]. A summary of

the cavity’s design parameters is shown in Table 2.3.

Figure 2.14: Simulated field distribution in the cavity and waveguide. Red color show the
highest electric (left) and magnetic (right) regions, blue corresponds to the low field values.

Table 2.3: RF Properties of the Modular Cavity

Parameter Design value
Frequency 804.5 MHz
Q0, QL with copper plates 23000, 11000
Coupling constant, β (simulated) 1.3
Gap length 10.44 cm
Inner radius 14.22 cm
Peak electric field ratio 5.2

Base vacuum pressure 3x10−8 torr
Pulse length 30 µs
Stored energy at 20 MV/m 6 joules
Repetition rate 2 - 10 Hz

2.6 Instrumentation

Extensive instrumentation was used in order to fully characterize operation conditions and

signals coming from the Modular Cavity. Among those are:

• Small fast plastic counters X-ray counters. Each detector consists of a scintillating

material, lightguide and photomultiplier tube. Typical rise time of the counters’ signal
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is ∼ 200 ns. Scintillators are about 5 cm x 5 cm x 1 cm with 2 meter-long lightguide. As

PMTs are sensitive to magnetic field, shielding is required to enable detectors’ proper

operation. Therefore, PMTs are enclosed in tubes of high magnetic permeability metal

(Mu-metal or similar). Furthermore, when the magnet is operational, the PMTs are

placed as far away from the bore as possible, and oriented perpendicular to the magnetic

field lines to minimize penetration.

• Acoustic sensors. Passive acoustic transducers comprised of a piezoexlectric crystal

were built for taking acoustic data on breakdown events [79]. These sensors were

designed to be able to operate in high external magnetic field, where use of electric-

powered components is highly restricted and only non-magnetic materials are allowed.

Microphones were mounted using non-gaseous epoxy and connected to the pre-amplifier

installed outside of magnetic bore. Locations for the microphones were chosen as

follows: 4 sensors on each endplate and 2 sensors on the narrow waveguide portion.

• Optical fibers for breakdown detection. Optical fibers installed in two of the six ports

on cylindrical body monitor visible light inside the cavity. Picked up light signal is

then guided to the photo-multiplying tubes that convert light into electrical signal.

• Magnetic loop pickups in cavity. For real time measurement of cavity gradient, two

magnetic loop pickups inserted through the available ports on the modular cavity body

were used.

• Temperature sensors on cavity body and endplates. Several Resistance Temperature

Detectors (RTDs) were used to monitor temperature of cavity’s endplates near center

and edges, on cylindrical body and narrow waveguide piece near coupler. Class A

tolerance RTDs, made from 100 Ohm were epoxied on the external surfaces of the

cavity and waveguide [80].

• Hall temperature sensors for monitoring ambient temperature in the experimental area.
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• Ionization chamber radiation detectors. Responding to ionizing radiation, ionization

chamber is the gas-filled radiation detector for X-ray measurement.

• Forward and reflected power directional couplers on the waveguide. Directional couplers

allow for tracking the ratio of power reflected from the cavity to the power transmitted

to the cavity.

• Water flow meters. Water flow sensors are used to ensure stability of the water flow

in the cooling lines around cavity body and endplates.

• NaI radiation detector. NaI crystal was installed about 6 meters away from the mag-

netic bore to avoid the effect of magnetic field on detector’s operation. NaI is a scin-

tillating material with high luminescence efficiency and produces one of the highest

signals in a PMT per absorbed radiation dosage.

• Chipmunk IV type radiation area monitors [81].

• Vacuum gauges. Baseline vacuum level for modular cavity high power tests is 3×10−8

torr. Three vacuum gauges, placed in vacuum pumps’ connection to the waveguide

portion of cavity assembly were used to ensure stable vacuum pressure.

• Faraday cup. Coaxial Faraday cup is 5 cm in the outside diameter, tuned to 50 Ohm

using time domain reflectometer. Additional signal amplifier was installed in the signal

cable path, about 2 meters downstream, to compensate for amplitude loss in the cable

between experimental hall and DAQ station.

2.6.1 Data acquisition system

Three main data streams are used for data acquisition system:

• The RF data stream is displayed as waveforms on the oscilloscopes. Regular captures

of oscilloscope waveforms are set by the shift operator, and typically performed every
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10 minutes to an hour. Additionally, the user has an option to manually capture these

waveforms at any given time. In the event of detected breakdown, all oscilloscope

outputs are also stored to the disk array. Each waveform has a unique filename and

pulse number so that it can be identified for future analysis.

• Parallel to these waveform captures, DAQ program records a summary of operational

parameters in the binary log files. List of parameters includes:

– Clock time and pulse number of each recorded event

– Peak amplitude, rise and fall duration in the pickup signal

– Ratio of pickup to reflected power signal

– Drive amplitude

– Resonant frequency

– Breakdown triggers, if applicable (see Section 2.7.1)

• In addition to signals going through Labview’s VI, signal from MTA instrumentation

that does not require sampling rate higher than 10 Hz is being stored through ACNET

interface [84]. Such signals include the number of accumulated RF pulses during the

recent run, resonant frequency, and pickup probe voltage, number of spark events, etc.

ACNET parameters are stored on Fermilab servers and can be remotely accessed. Util-

ities are in place to automatically notify the operator if some of the critical parameters

(e.g. cavity surface temperature) go out of their nominal ranges.

2.7 Run control system

Run control enclosure is located 100 meters from the MTA experimental hall in the vicinity of

Fermilab’s LINAC station 8. Run control software and hardware were developed specifically

for the needs of the MTA group [82]. The DAQ system consists of several desktop computers

running National Instraments Labview software coupled to an array of oscilloscopes [83].
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Waveforms of RF signals are acquired by the National Instrument’s 60 MS/s, 8 Channel

digitizer/oscilloscope card. A general purpose interface bus communicates with the signal

generator and five oscilloscopes are used for waveform acquisition and capture, including

Agilent 80308B, Lecroy 625Zi, Tektronix DPO7104, Tektronix DPO510 and Agilent 7304.

The sampling rates for oscilloscopes are between 20 GHz and 1 GHz, minimal bandwidth is

3 GHz. Master timing distribution module is used for simultaneous triggering of periodic and

breakdown event captures in the oscilloscopes. RF waveforms are acquired by the digitizer

card and then passed to Labview’s Cavity Waveform Analysis VI for the measurements,

detection of breakdown events, and logging. Measurements on the pickup probe signal

include peak voltage, fall and rise time, exponential fitting of the time constant. Figure 2.15

shows the photo of the control room.

Figure 2.15: Run control room at Fermilab’s LINAC station 8. Shifter’s desk is equipped
with run control monitors, waveforms from oscilloscopes (racks on the left) are analyzed in
real time by Labview-based software.
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2.7.1 Breakdown detection algorithm

During breakdown pulse, energy stored in the cavity gets dissipated in less than a microsec-

ond, which can be seen as a sharp fall in pickup envelope signal. Due to impedance mismatch,

sharp spike in reflected power signal is observed immediately following the spark. Sparking

is also accompanied by the burst of radiation and visible light, that gets picked up by the

optical fiber looking inside the cavity.

The breakdown detection algorithm is implemented as a logical OR between three trig-

gers. First, the threshold voltage on the optic fiber looking into the cavity, detecting flash of

light during the spark. The second signal is the fall time of the cavity probe voltage which

must be shorter than some user-defined value. Typical threshold value for 805 MHz vacuum

cavity is one microsecond. The third signal is reflected power spike immediately following

the spark before external circuit detects breakdown event and turns the high power RF drive

off. Figure 2.16 demonstrates the logic behind the breakdown detection system.

Figure 2.16: Example of normal RF pulse (left) and breakdown pulse (right) during Modular
Cavity operation. Accelerating gradient is 32 MV/m.

2.7.2 Cavity tuning

During high-power, steady-state operation, the inner surfaces of the cavity experience a rise

in temperature proportional to gradient, due to ohmic heating. This temperature change
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slightly distorts the dimensions of the cavity, which translates into a shift in resonant fre-

quency of the cavity and can disrupt resonance. To achieve precise resonance, the RF drive

frequency has to be adjusted accordingly. The run control algorithm uses a sequence of

predetermined steps df on each side of the most recent center frequency to check whether

(a) the amplitude response of the cavity is maximized and (b) the ratio of integrated cavity

probe signal vs. reflected signal is maximized. Typical sweep step for 805 MHz drive is

10 kHz and frequency adjustment is 1 second.

2.7.3 Run control procedure

One of the main goals for the modular cavity program is the measurement of maximum safe

operating gradient in external magnetic field. Safe Operating Gradient (SOG) is defined

by the threshold spark rate of 10−5, therefore, the accurate measurement of spark rate is

essential. One would be tempted to maximize the number of breakdown events to improve

precision of the spark rate measurement. However, inflicting too many breakdown events

can potentially:

1. Negatively affect the high gradient operation of the cavity. Damage caused by the

breakdown accumulates on the surface and might lead to the increased spark proba-

bility in the subsequent operation.

2. Over-complicate the surface inspection process at the end of the run. Potential pile-up

of the damage features on top of each other might hinder the damage documenting

procedure.

3. Make experiment duration impractical. Operating the cavity at 10 Hz repetition rate

(maximum allowed rep rate limited by DAQ response time) near SOG means the on

average, each new spark event occurs every ∼3 hours.

To ensure the stable high power operation and the consistent measurement sequence,

special run algorithm was developed and used throughout all Modular Cavity high power
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runs. Several simplified assumptions are built into procedure:

• Spark rate depends only on the operating gradient

• Spark rate increases with the gradient

• At a given gradient value, probability of a breakdown event is approximated by the

Poisson process:

P (N,µ,G) = f(G)
e−µµN

N !
(2.1)

where µ is the measured spark rate, P (, N, µ) is the probability of N spark events

occurring in unit time, G is the cavity gradient, and f(G) the function that captures

the breakdown rate dependence on gradient.

Every high power run starts with the low gradient operation to allow for the processing

of surface contamination, inflicted during the inspection. The gradient is slowly raised with

the predetermined rate : standard procedure implements the drive amplitude increase of

0.02 dB every 30 seconds. If multipacting behavior is observed, the gradient is kept at the

constant level until multipacting subsides. This “processing” of the multipacting barriers is

done to prevent negative consequences of the multipacting phenomenon at higher operating

gradients. Typically, multipacting behavior is diagnosed by the increased vacuum activity

and/or by the irregularity of the RF pickup signal. Figure 2.17 shows an example of the

multipacting behavior observed in the Modular Cavity operation.

When RF breakdown event occurs, the run control hardware instantly lowers the delivered

RF power by 3 dB to (a) prevent the excessive surface damage by succeeding breakdowns

(b) allow the vacuum pressure to normalize. After the power decrease, the standard gradient

ramp up continues until the next registered breakdown event. Algorithm enforces change

in the procedure only when two consecutive sparks occur at the same gradient level (within

tolerance window ∆G ∼ 1 MV/m). Figure 2.18 shows the run algorithm in the form of block
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Figure 2.17: Left - example of the distorted RF pickup signal during the low level multipact-
ing. Right - increased vacuum activity caused by multipacting . Note the steadily decreasing
vacuum pressure during normal operation (before 19:00) and the pressure fluctuations once
the multipacting starts.

diagram. To determine whether two sequential sparks indicate “hard” or “soft” breakdown

barrier,the spark rate is measured at the current gradient level. Barrier is considered ”soft”

if RF conditioning leads to lower breakdown rate. Measurement time ∆t was chosen to

be the time it takes to accumulate 2 × 105 RF pulses. According to Equation 2.1, at the

spark rate of 10−5, the probability of not registering the breakdown event in 105 pulses is

p ≈ 14%. If no sparks occur during ∆t, the ramping kick scooter is resumed. Otherwise,

the breakdown rate measurement at fixed gradient level continues. This logical step in the

run algorithm leans towards ”over-shooting” the safe operating gradient and is implemented

as a time-saving mechanism - waiting for several sparks multiple gradients adds days in

operating time. In case the measured spark rate exceeds the target value of 10−5 , the run

algorithm initiates roll back to the last stable gradient plateau and starts normal sequence

again. Breakdown rate at the target gradient is determined based on the minimum of 10

spark events, which gives the standard measurement error in breakdown rate of 30%. High

power run can be interrupted for the surface inspection if the number of accumulated sparks

exceeds critical value N . Typically, N is set in the range of 50− 150. Intended behavior of

the run algorithm for is shown in Figure 2.19.
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Figure 2.18: Block diagram outlining the run algorithm’s logic. Typical ∆t = 2 × 105 RF
pulses, δG = 1 MV/m. Block diagram is created by D. Bowring.

2.8 Surface inspection procedure

One of the goals of the Modular Cavity program is to trace the changes in surface condition

after high power tests in different external magnetic fields. For this purpose, the surface

inspection procedure was performed after each high power run. Some inspections took place

in the middle of the run in case the spark count approached critical value. Logistics of the

inspection procedure involved several steps:

• Low power RF calibration of the evacuated cavity in the magnet bore.
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Figure 2.19: Hypothetical spark pattern and the run algorithm response. Vertical lines
correspond to the spark events followed by the automated 3 dB decrease in delivered RF
power. Top - barriers G1 and G2 are “soft”, as after 2 consecutive sparks no breakdown
event observed during ∆t. Bottom - spark rate is measured at the constant gradient by
accumulating at least 10 sparks. Drawing is courtesy of D. Bowring.

• Modular cavity is disconnected from the water cooling system, vacuum and other

instrumentation.

• Cavity is extracted from the magnet bore and transported to the portable cart.

• Clean up of all external surfaces with water and alcohol wipes to avoid contamination

of the clean room environment.

• Cavity is transported to the portable clean room inside the MTA experimental hall.

• Removal of both endplates from the cavity. Procedure performed by minimum of two

qualified personnel, dressed in the clean room garment.

• Inner surface of both endplates is scanned with high-resolution flatbed scanner (see

Subsection 2.8.1 for optical instruments’ specs).
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• Microscopic surface inspection is performed using optical microscope in the MTA clean

room, clean room in the Fermilab’s A0 facility or in the Spectroscopy lab at the Fer-

milab’s Technical Division.

2.8.1 Optical instruments and their capabilities

Portable inspection system, designed for the clean room conditions, was used to characterize

breakdown damage on the inner surfaces of the Modular Cavity. The following instrumen-

tation was used for the surface inspection process:

• Flatbed scanner with maximum re!solution of 105 pixels permm2. Most high resolution

images were obtained at 1800 dpi setting.

• Digital Keyence VHX-100K optical microscope. Two optical lenses were used inter-

changeably: 20x-200x and 500x - 5000x zoom. Microscope is also capable of construct-

ing 3D images by implementing depth-from-defocus method [85].

• Digital Keyence VK-9700K color 3D Laser Microscope. Capabilities of this microscope

include the automated motorized platform, the high precision 3D imaging, and the

profillometry analysis.

Figures 2.20 and 2.21 show the setup used for inspection process in the portable clean

room in the MTA and clean room at the Fermilab’s A0 facility.

2.8.2 Environment standards and handling techniques

As the inspection process requires dismantling and handling cavity components, it is inher-

ently prone to risks of damage and contamination. Thus, certain safety precautions must

be followed, especially when handling the beryllium components. Beryllium dust poses a

serious risk to human health.
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Figure 2.20: Portable inspection setup in the A0 clean room. Microscopic image is displayed
on the computer screen in real time, enabling the prompt survey of damage features. High-
resolution scan of the endplate surface on the laptop screen is used as a map for microscopic
lens navigation. Copper endplate is placed on the movable flat platform under the lens.

Figure 2.21: Portable cabinet with instrumentation for microscopic inspection (left). Ob-
serving and mapping the damage under the microscope (right).
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Disassembly and assembly of the cavity is a procedure with elements of risk. As cavity

components are strained under external bolts and vacuum pressure, providing tight fit for the

good vacuum and RF seal, the unforeseen complications are possible. Biggest operational

hazard is the scratching the inner surfaces of the endplates when removing them off the cavity.

To mitigate the possibility of damage, the endplates are equipped with the special handles.

Copper endplates’s handles are directly drilled into the material, while handles on beryllium

are attached to the aluminum buttons epoxied to the endplate surface. Figure 2.22 shows the

outer surfaces of the endplates with the attached handles. Minimum of two people is required

to satisfy the safety of the endplate removal process. One person handles the endplate, while

another ensures the sufficient clearance between the endplate and the surrounding structures.

Figure 2.22: Copper endplates with the rigidly mounted handles (left), beryllium endplates
with epoxied handles (right).

Preventing the contamination of the inner surfaces during the inspection process is im-

portant for consistency of the high power tests. For this reason, all assembly and disassembly

work was conducted inside the portable ventilated clean room. All personnel, entering the

clean room, must wear special suit, mask and gloves. Equipment and instrumentation en-

tering the clean room is wiped with the alcohol-soaked wipes. As the main purpose of the

surface inspection is to identify new damage and trace the evolution of surface features, clean

environment during the microscopic inspection is paramount. Inspected surface is regularly
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treated with the lint-free dry napkin, wiping away the foreign dust particles.

2.8.3 Experimental goals of the Modular Cavity program

The design of the modular cavity allows for a turnaround time as low as one week in the

surface inspection process. Modular construction of the cavity allows for structural modifi-

cations in both used materials and geometrical parameters. Based on these properties, the

experimental goals for the modular cavity program were:

• Measurement of the safe operating gradient (SOG). Designs of vacuum ionization cool-

ing channel require limits on the breakdown rate allowed in cavities. The SOG is a

measure of the cavity’s stable operation, defined as the maximum accelerating gradient

for which the breakdown rate does not exceed 1 spark in 105 RF pulses. One of the

main goals of the modular cavity program is measuring the SOG for different external

magnetic field values in a controlled environment.

• Testing modular cavity as a realistic cavity model for ionization cooling channel. Design

of modular cavity was created as a model for future structures used in ionization cooling

channel. Compared to previously built and tested at the MTA cavities, modular cavity

is coupled to the power transmission waveguide via aperture coupling.

• Tracking surface changes under high power operation in varying conditions. Fast

turnaround of the assembly and inspection processes allows for damage analysis to

be performed after each run with fixed conditions. Tracking surface evolution in be-

tween runs allows for understanding the effect of run conditions (e.g. RF pulse length,

magnetic field, repetition rate etc.) on the morphological properties of the surface.

• Exploring the effect of different materials and geometries on RF breakdown. The mod-

ular design opens the possibility of testing the effect of different materials on RF break-

down in otherwise identical conditions by swapping flat endwalls in between high-power
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tests. Moreover, geometrical modifications to the cavity body, changing the RF gap

length of the cavity are also possible. Varying the cavity’s gap length allows to study

the effect of impact energy of dark current electrons on RF breakdown.

• Test the predictions of pulsed heating model. Control over systematic errors and usage

of different materials in high-power tests enable testing the predictions of the pulsed

heating model of RF breakdown in strong magnetic fields, described in Section 2.3.

The fundamental physics goal of the Modular Cavity program is to build the coherent

picture, explaining the deterioration of accelerating gradient in strong magnetic field.
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CHAPTER 3

RESULTS OF MODULAR CAVITY HIGH POWER TESTS

.

The goals of Modular Cavity experimental program were listed in Section 2.8.3. Time

and resource constraints imposed the limitation on the amount of high power testing and

variety of configurations the cavity was tested at. In this chapter, experimental results of

high power tests of the Modular Cavity will be discussed.

3.1 Gradient performance of the Modular Cavity

Table 3.1 summarizes the safe operating gradients, measured with the two endplate materials

on the Modular Cavity. Safe operating gradient (SOG) is defined as a maximum accelerating

gradient for which the spark rate does not exceed 1 breakdown event per 105 RF pulses. The

error bars on safe operating gradient incorporate the measurement error in the low-power

RF calibrations. “Material” column refers to the materials of two endplate. For example,

“Cu /Cu” refers to configuration with two copper endplates.

Table 3.1: Measured safe operating gradients in the Modular Cavity tests.

Material Magnetic field, T Gradient, MV/m
Cu / Cu 0 45.4 ± 0.3
Cu / Cu 3 12.9 ± 0.1
Be / Be 0 41.1 ± 2.5
Be / Be 3 49.8 ± 3.0
Be / Cu 3 10.1 ± 0.1

As discussed in section 2.7.1, the procedure of determining the safe operating gradient is

based on the breakdown rate measurement. Table 3.2 shows the statistics for RF breakdown

events accumulated at the safe operating gradient with different cavity configurations and

external magnetic fields. It is important to note that requirement of accumulating 1 million

RF pulses for SOG measurement was met for all listed tests.
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Table 3.2: SOG statistics in the high power tests of the Modular Cavity.

Material Magnetic field, T # of RF pulses # of spark events
Cu / Cu 0 1 M 15
Cu / Cu 3 1.5 M 12
Be / Be 0 1.1 M 12
Be / Be 3 3.3 M 6
Be / Cu 3 2.5 M 12

There are several notable results in gradient performance of the Modular Cavity that are

discussed below.

• Safe operating gradient of ∼50 MV/m in three tesla magnetic field with the beryllium

endplate configuration.

The cavity demonstrated stable performance at the gradient of 49.8± 3.0 MV/m with

the spark rate ∼ 2 · 10−6. Testing the cavity at the higher gradients was limited by

the RF source’s output power.

• Significant deterioration of SOG in three tesla magnetic field with copper endplate

configuration compared to zero tesla.

Measured gradient of 12.9± 0.1 MV/m in three tesla field is a factor of 3.5 lower than

the gradient achieved in zero tesla. This factor is higher than one measured in the

other 805 MHz cavities (see section 2.2).

• Deterioration of the stable operating gradient in three tesla field in “Cu / Cu” config-

uration with time.

Figure 3.1 demonstrates the history of the operating gradient during the three tesla

run with copper endplates. After the initial ramp up sequence, the cavity ran stably

at gradients ∼14 MV/m. Attempts to achieve higher gradients lead to the increased

breakdown rate and the decrease in stable gradient. Final stable gradient at this

portion of the run was below 12 MV/m.
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Figure 3.1: Gradient history of the “Cu / Cu” configuration in three tesla field. Breakdown
events are denoted by vertical red lines.

• Measured SOG of ∼10 MV/m in “hybrid Be /Cu” configuration.

This gradient performance is in line with the “Cu /Cu” runs of the Modular cavity. This

suggests that the cavity’s gradient performance is limited by the gradient performance

of the copper endplate.

• Copper performance is zero tesla field is negatively affected by the three tesla opera-

tion.

After the three tesla run, copper endplates were tested in zero tesla field again. Signif-

icant deterioration of the gradient performance was observed. Figure 3.2 demonstrates

the gradient history of the Modular Cavity during 0 tesla operation. The total of 460

breakdown events was inflicted in 11 million RF pulses of operation. One can see that

the cavity was conditioning over time - leading to higher achieved gradients. The final

measured stable gradient is ∼ 22 MV/m, significantly lower than the SOG measured

in the initial zero tesla tests.
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Figure 3.2: Gradient history of “Cu / Cu” configuration in 0 tesla “conditioning” run.

• Modular avity demonstrated stable operation with beryllium endplates at the gradients

above 50 MV/m in the range of magnetic fields between 0 and 3.5 tesla.

Last high power test with beryllium endplates featured collecting data at different gra-

dients over the range of magnetic fields. Table 3.3 shows the statistics of RF breakdown

events obtained at different gradients and magnetic fields. ”X / Y” should be read as

”X breakdown events in Y RF pulses”. Time constraints did not allow for accumulating

enough statistics for establishing the SOG. Note that the cavity was operating stably

at gradients exceeding 50.7 ± 2.9 MV/m over the range of magnetic fields between 0

and 3.5 tesla .

Table 3.3: Breakdown statistics for operating beryllium endplates over the range of magnetic
fields.

B, T 50.7 MV/m 53.6 MV/m
0 5/600k 4/50k

0.5 2/300k 0/50k
1 0/300k 0/50k
2 1/300k 0/30k

3.5 0/300k 0/50k
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3.2 Surface inspection findings

Inspection of the inner surfaces was performed after each high power test of the Modular

Cavity. Careful observation and cataloging of breakdown damage has enabled the set of the

following observations about the effect of RF breakdown on the surface:

• No breakdown damage was observed on the cylindrical cavity body, input coupler or

anywhere on the inner surfaces outside of flat endwalls.

It can be concluded that all breakdown damage incurred on the inner surfaces of the

flat endplates. This allows to discuss the surface inspection findings in the context

of simple defined geometry and electromagnetic field profile in the region where the

breakdown events are localized.

• Breakdown damage on the copper endplates is categorically different in the presence of

external magnetic field.

Figure 3.3 shows the typical breakdown damage traces observed after operating copper

endplates in zero tesla field. Fractal-like structure on the left image represents the

Lichtenberg figure, a typical pattern of branching electric discharges, often appearing

in the insulating materials [110]. Thin 20 nm TiN layer on the inner surfaces of

copper endplates provides the insulating medium for the Lichtenberg figure formation.

The profilometry measurements of Lichtenberg-type damage revealed the characteristic

depth differential less than 100 nm. Image on the right shows another prevailing type

of damage observed on copper endplates after zero tesla field operation. Similarly to

fractal-type structures, the characteristic transverse size of these features is hundreds

of microns, depth differential is undetectable by available optical methods.

Figure 3.4 shows examples of the typical damage incurred during operating copper

endplates in three tesla field. Breakdown pits typically are round-shaped with diameter

ranging from 0.8 mm to 1.5 mm. Image on the left shows an example of the pit that

has a melted core in the middle, while pit on the right image is lacking the melted core
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Figure 3.3: Examples of the typical damage after operating the Modular Cavity with copper
endplates in zero tesla field. Dark background corresponds to TiN layer coating.

and is virtually flat (height differential is less than 100 nm). Diameter of the melted

core can reach up to 1 mm.

Figure 3.4: Typical breakdown damage after operating the Modular Cavity with copper
endplates in three tesla field. Left - breakdown pit with the melted core in the middle.
Right - ”flat” breakdown pit.

An example of the melted core, also referred to as a ”crater”, is shown in Figure 3.5.

The bottom of the melted core is out of focus on the left image, indicating its height

difference with respect to the level of unscathed surface.

Capabilities of Laser 3D Microscope allow for profilometry analysis of the surface. The

measurements show that the depth of the breakdown pits can reach up to 100 µm.

Figure 3.6 shows an example of the height profile of the breakdown pit. Note the
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Figure 3.5: Example of the breakdown pit’s melted core. The sharp edge of the core is visible
on the left image. Right image shows the in-focus picture of the core’s rough surface.

increased roughness of the surface around crater’s rim and at the “bottom” of the

crater due to non-uniformity in the solidification process. Typical measured roughness

of undamaged surface is Ra ≈ 0.1− 0.4 µm. Typical roughness in the melted material

region is 1.0−2.4µm. Estimation of the energy, required to melt the equivalent amount

of material can be made. Taking the maximum observed radius of the core r ∼ 500 µm,

and depth d ∼ 100 µm, the required melting energy is ∼ 0.1 joules, a fraction of stored

energy within the cavity. Cavity, operated at the typical gradient for three tesla run

G = 12 MV/m, has the peak stored energy E = 1.2 joules.

• Breakdown damage incurred in three tesla field features microscopic splashing of melted

copper.

“Violent” nature of the damage in magnetic field features crater-like damage, where

copper is melted and extracted from the pits by the breakdown arc. Example of such

splashing is shown in Figure 3.4. Driven by plasma forces in the breakdown arc, melted

droplets land on the surface region that surrounds the breakdown pits’ locations. The

evidence of observed copper splashing is presented in Figure 3.7. Droplets and splashes

of copper are typically dozen of microns wide and several microns tall. Estimated field

enhancement factor of individual droplet can reach up to βe = 3. No evidence of copper

61



(a)

(b)

Figure 3.6: Height profile of the breakdown pit incurred during three tesla operation on
the copper surface. (a) - reconstructed 3D image, (b) - height profile along the imaginary
vertical cutoff shown in (a).

splashing was found after operation in zero tesla field.

• Mismatch between the number of the detected sparks and the number of observed break-

down pits in three tesla copper tests. 55 breakdown events were registered during

the high power tests of copper endplates. 168 breakdown pits on each endplate were

documented during the surface inspection.

• Copper splashes incurred during three tesla operation are processed out in zero tesla

conditioning.
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(a) (b)

(c)

Figure 3.7: Splashing of molten copper after operation in three tesla magnetic field. (a), (b)
- typical shapes of copper droplets deposited on top of TiN layer on the copper endplate. (c)
- an example distribution of splashing traces in the vicinity of the breakdown pits’ location.

Copper endplates were operated in zero tesla field right after the three tesla run.

Surface inspection revealed that some of the copper splashing traces incurred during

three tesla run were processed out in zero tesla operation. Figure 3.8 shows an example

of this phenomenon.

• Perfect one-to-one correspondence between breakdown damage sites on opposite copper

endplates after three tesla operation. We observed that each breakdown pit incurred

during three tesla run has a corresponding pit on the opposite side of the cavity, as

demonstrated in Figure 3.9. No correlation between damage on opposing plates was
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Figure 3.8: Evaporation of copper splashing traces during zero tesla operation. Left - snap-
shot of surface state after the three tesla run. Right - the same surface region after subsequent
zero tesla test. Red circles highlight the regions where the changes are most evident.

found after zero tesla operation.

Figure 3.9: Map of the breakdown damage on the copper endplates in three tesla field
operation (left) and zero tesla field operation (right). Locations are color-coded: red and
blue dots indicate opposite walls. Zero tesla damage map is represented by the Lichtenberg
figures distribution. The center of the endplates is marked in green.
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• Damage incurred in zero tesla field on copper walls spreads more uniformly and over

a larger surface area compared to the damage incurred in three tesla.

As can be seen from Figure 3.9, damage incurred in three tesla is clustered around the

center of the endplate where the electric field is highest. At the same time, damage

incurred in zero tesla operation spreads out more and covers a larger surface area.

Figure 3.10 highlights this by showing the histogram of the damage density per unit

area for damage in zero tesla and three tesla.

Figure 3.10: Radial distribution of breakdown damage density in three tesla field (left) and
zero tesla field (right).

• Breakdown damage on beryllium plates operated in zero tesla is similar to the damage

observed on copper endplates operated in zero tesla.

Two dominant types of damage were observed after operating beryllium in zero mag-

netic field, as shown in Figure 3.11. Similar to the damage incurred in copper in zero

tesla, Lichtenberg figures are the prominent occurrence. The second type of common

damage can be described as a cluster of dots of exposed metal. Also similar to copper,

no correlation between damage distributions on opposing endplates was found.

• Beryllium endplates incurred no damage when operated in three tesla magnetic field.
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Figure 3.11: Example of the typical breakdown damage types found on beryllium endplates
operated in zero tesla field.

41 breakdown events were detected by run control system during operating beryllium

endplates in three tesla field. However, microscopic surface inspection revealed no new

damage features. No conclusions can be made about sub-microscopic damage, as SEM

inspection of the endplates was not possible in-between the high power tests.

• Copper droplets can traverse the RF gap of the cavity in three tesla magnetic field.

Solidified copper droplets were found on beryllium endplate after operating ”Be / Cu”

configuration in 3 tesla magnetic field. Figure 3.12 demonstrates an example of an

observed copper droplet. One can see that melted material is deposited on top of

the flat beryllium surface coated with the TiN layer. It is important to point out that

opposing copper endplate is the only realistic location for the droplet to originate from.
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(a) (b)

(c)

Figure 3.12: Characterization of a copper droplet observed on the beryllium endplate after
operating the Modular Cavity’s ”Be / Cu” configuration in three tesla magnetic field. (a) -
micrograph of the copper droplet on beryllium surface. (b) - reconstructed 3D image of the
droplet region. (c) - height profile of the droplet surface.
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CHAPTER 4

THE PULSED HEATING MODEL OF RF BREAKDOWN IN

STRONG MAGNETIC FIELD

Proposed by Robert Palmer et al. in [86], the pulsed heating mechanism is the first attempt

to quantitatively explain the deterioration of surface gradient in external focusing magnetic

fields. Their work was motivated by the previous experiments in the MTA, which demon-

strated the deterioration of cavities’ gradient performance in external magnetic fields [87]. In

this chapter, the model of pulsed heating will be developed further. The model will also be

adjusted for the geometry and run conditions of the Modular Cavity. The goal of this work

is to obtain the gradient predictions for copper, beryllium and aluminum endplate materials

in the external magnetic field. The choice of three materials is dictated by the experimental

data, obtained for beryllium and copper endplates in the Modular Cavity tests, and also

potential interest in the aluminum as a candidate material for cavity designs [88].

Most models of RF breakdown assume that the electron field emission from the local

surface area acts as an initiation stage of RF breakdown (see section 1.5.4). Surface defects,

which can be in the shape of sharp needle-like tips, surface micro-cracks, or other type of

asperities, create a condition for the enhanced electric field region. According to the Fowler-

Nordheim approximation, enhanced local electric field leads to the exponentially increased

emission of electrons from the surface, called dark current. Placed in the external focusing

magnetic field, dark current is focused into so-called beamlets that impact on the opposing

surfaces within the cavity volume and lead to the heating of local surface area. This local

temperature rise under certain conditions can be high enough to cause the permanent damage

on the surface and, thus, eventually lead to the initiation of RF breakdown. The purpose

of the pulsed heating model is to study the critical conditions for the local temperature

rise, which will enable making predictions for the maximum stable gradient in the range of

external magnetic fields.
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Modeling the pulsed heating mechanism could be divided into five stages:

• Simulation of the electron field emission from the surface defect.

• Electron beam tracking across the RF gap of the cavity.

• Energy deposition by the impacting on the surface dark current beam.

• Numerical solution of the heat equation for the local temperature rise.

• Translating local temperature rise to the threshold gradient.

In this chapter of my thesis, I will go over each of the 5 stages in detail.

4.1 Simulation of the electron field emission from the surface

defect

Direct dark current measurements demonstrate that intensity of electron dark current sharply

increases right before the breakdown event [89]. Similar conclusion could be drawn from the

X-ray measurements in the high power tests of the Modular Cavity. Figure 4.1 shows an

example of the typical breakdown event in three tesla. One can see on the image on the right

that the radiation activity is spiked within 1 microsecond before the breakdown discharge.

These observations suggest that the dark current plays a crucial part in the initiation stage

of RF breakdown.

Surface damage studies demonstrate that different emitters activate on the surface during

high power testing; possible mechanisms of emitters’ creation, evolution and destruction are

discussed in several works [90, 91]. The mechanism of field emission under electric field is

described by a Fowler-Nordheim formula, which considers a quantum tunneling of electrons

through the potential barrier near the surface of the metal. The electron current density can

be expressed in the following form:
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Figure 4.1: Typical breakdown event during the Modular Cavity’s high power testing with
copper endplates (left) and zoom-in on the breakdown initiation time window (right). Red
trace corresponds to the signal from the X-ray scintillator counter, positioned along the
cavity main axis; blue trace corresponds to the envelope of the RF pickup signal. Saturation
of PMT tube is responsible for the vertical spike in the radiation signal around t = 33 µs
and can be neglected.

J(Gs, β) =
AFN (βGs)

2

φ
exp

(
− BFNφ

1.5

βGs

)
(4.1)

where Gs is the surface field gradient in MV/m, β is the field enhancement factor, defined

as the ratio of maximum gradient on the emitter tip to the average surface gradient, φ is

the work function of the metal expressed in eV , AFN = 1.54 × 106 A eV/(MV)2, BFN =

6.8 × 103 MV/m (eV)1.5. Following this formalism, we can define Gtotal, the maximum

electric field value at the tip of the emitter as Gtotal = βGsurf . Given the current density

J(Gs, β), total dark current from the emitter can be calculated as I(Gs, β) = Aemit·J(Gs, β),

where Aemit is the effective surface area of the emitter.

The detailed dark current studies allow to estimate the geometrical parameters of the

emitters. MTA’s multicell experiment demonstrated that total electron emission from the

active surfaces at a given time is dominated by the single emitter with the highest beta [38].

Indeed, the power dependence in Fowler-Nordheim formula weights the data heavily towards
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the highest β asperities. Equation 4.2 directly follows from Fowler-Nordheim formula:

d log10(IFN/G
2.5)

d (1/G)
= −2.8× 109 φ1.5

β
(4.2)

, where IFN is the total emission current, β is the total field enhancement factor. As the

work function of material is assumed to be known and the average surface gradient can be

measured, Equation 4.2 suggests that β can be calculated as a slope on the log plot of the

left hand-side . Similarly, the effective emitting surface area of the asperity Aemit can be

calculated according to Equation 4.3:

log10(IFN/G
2)G→∞ = log10

(1.54× 10−6 Aemit β2 104.52φ
−0.5

φ

)
(4.3)

In addition to the field-assisted electron tunneling, thermal-assisted emission can be

considered [94]. The expression for current density in thermal-assisted emission takes the

form:

J(T ) = AG T 2 exp
(
− φ

kT

)
(4.4)

, where material-dependent coefficient AG is in the order of 106 A ·m−2 K−2 , k is the

Boltzmanns’ constant, T is the surface temperature, and φ is the work function of metal.

However, for temperatures lower than several thousand kelvin, field-assisted emission dom-

inates thermal emission. Typical temperature rise induced by ohmic RF surface heating at

gradients 10− 50 MV/m does not exceed 20 K.

Previous microscopic studies of the structures tested in high power RF fields revealed

sharp, cone- or needle-like metal whiskers on the surface. In particular, MTA’s 805 MHz

multicell cavity experiment conducted a surface study of the iris area [38]. Sharp pro-

trusions, better described as hair-shaped structures with corresponding field enhancement

factors up to several hundred, were observed lying on the metal surface. Metal whiskers

of varying dimensions were also observed under strong electrostatic and RF fields in other
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experiments [92]. Instrumentation on the multicell experiment allowed for the measurements

of the dark current. Important for this model, the range of typical field enhancement factors

was measured. Figure 4.2 shows several measurements of βtotal as the cavity was undergo-

ing high-power conditioning sequence. It is important to note that measured value of field

enhancement factor converges to βtotal ' 400. Typical values of dark current measured in

the experiment were in the order 100 mA, which corresponds to the effective emitting area

of 10−14 m2.

Figure 4.2: Field enhancement factors measured in the MTA’s 805 MHz multicell cavity
experiment [38].

In this model, I consider individual emitter shaped as a prolate spheroid. By varying

dimensions of the spheroid, it is possible to model the needle-like sharp structures with any

field enhancement factor β. Additional benefit of this approach is that it allows to find the

precise analytical solution for the electric field around asperity without involving complex

simulation tools. Wolfram Mathematica package was used in building the model for field

emission, electron trajectory tracking and heat equation solving [93]. This was a collaborated

effort with Alvin Tollestrup and Diktys Stratakis, scientists at Fermi National laboratory.
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To calculate field emission parameters from prolate spheroid-shape asperity, one need

to start with calculating the potential on its surface. Assuming h and a are corresponding

major and minor axes of the spheroid and Gsurf is the average surface gradient, potential

can be expressed as [95]:

V (Gsurf , z, r) = Gsurf z

(
1−

coth−1
[
y(z, r)

]
− 1

y(z,r)

c2

)
(4.5)

, where y(z, r) and c2 are defined as:

c2 = coth−1
[
η0(r, z)

]
− 1

η0(r, z)

y(z, r) =
(

1/2 (1 + (z/c1)2 + (r/c1)2 +
√

(1 + (z/c1)2 + (r/c1)2)2 − 4(z/c1)2
)1/2

c1 = h
√

1− (a/h)2

η0(r, z) = h/c1 =
1√

1− (a/h)2

(4.6)

η0(r, z) and y(r, z) are defined to be spheroidal coordinates. It is now possible to calculate

the z− and r− components of the electric field near asperity:

Gz(z, r) =
dV (z, r)

dz

Gr(z, r) =
dV (z, r)

dr

Gn(z, r) =
√
Gz(z, r)2 +Gr(z, r)2

(4.7)

Gn(z, r) denotes the electric field component, normal to the surface of the emitter.

Gn(r, z) is a useful quantity that will be used for calculation of the total emitted current

and emission area, according to Equations 4.2 4.3.

In this work, I will be used an extended form of the Fowler-Norheim’s field emission

expression, offered in [96]:
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J = AFN
G2

t(y) φ
exp

(
−BFN φ1.5 v(y)/G

)
(4.8)

where J is the current density, expressed in A/cm2, AFN and BFN are the constants defined

earlier in this Section, G is the surface gradient expressed in MV/m, and y = 0.0362×G1/2/φ.

The first part of the equation describes the flux of electrons coming from inside to the surface

of the metal. The exponential part of the equation describes the probability of electron to

penetrate under the potential barrier of the surface. As function t(y) affects the value of

the current density by only a few percent, it is often approximated by unity. Function v(y),

however, is included in the exponent and, therefore, its contribution can not be neglected.

The extended expression for v(y) is given in [97] and in the short form can be written as:

v(y) = 1− 0.143y − 0.885y2 (4.9)

Figure 4.3 shows the functions v(y) and t(y).

Figure 4.3: Functions v(y) and t(y) in the extended form of Fowler-Nordheim equation [96].

Combining 4.8 and 4.9, the expression for the current density becomes:

J
(
φ,Gn(r, z)

)
=
AFN
φ

Gn(z, r)2 exp

(
− BFN φ1.5 v(y)

Gn(r, z)

)
(4.10)

Table 4.1 summarizes the parameters used in the field emission modeling.
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Table 4.1: List of parameters use in the field emission model.

Parameter Value

AFN 1.54× 106 A · eV/(MV)2

BFN 6.8× 103 MV/m · (eV)3/2

φ (Copper) 4.4 eV
φ (Beryllium) 5.0 eV
φ (Aluminum) 4.0 eV
h 62 µm
a 1.77 µm

The metal work function φ significantly affects the current density, as it is present in both

electron flux and potential barrier parts of the Fowler-Nordheim Equation 4.10. Tradition-

ally, experimental measurements of work function are conducted by the photon spectroscopy

or thermionic emission methods. The downside of these methods is that they average the

value of the work function over large surface area. This area might contain multiple surface

imperfections. As total field emission current from the surface is dominated by a single emit-

ter, it is important to understand how the metal work function depends on the geometry of

the asperity under extreme high field condition. Modern methods of the density functional

theory enabled precise calculation of the work function around contaminants and intrinsic

surface defects. It was shown that the work function for copper can deviate as much as 10%

from average in sharp surface geometries [98]. In this model, I will be using experimentally

measured values of work function for smooth metal surfaces, listed in Table 4.1.

Following the formalism in [66], the emitter dimensions were chosen to best fit to the

measured values of field emission in MTA’s multicell experiment. Choosing a = 1.77 µm

and h = 62 µm gives the total field enhancement factor of β = 385, which agrees well with

the experimentally measured values in Figure 4.2. Figure 4.4 shows the geometry of the

emitter used in simulations. Figure 4.5 shows the axial dependence of r- and z-components

of the electric field along the surface of the emitter, calculated according to Equation 4.7

at a radius of r = 0.1 µm for the accelerating gradient of G = 30 MV/m. Note that the

radial component of the field nearly linearly increases to the maximum value at the tip of
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Figure 4.4: Geometry of the individual emitter, following the emitter dimensions in [66].

the emitter (z = 62 µm) and then drops quickly outside of the emitter surface. The axial

component is virtually negligible anywhere except for the emitter tip (z > 61 µm), where

the field enhancement factor is the highest.

Figure 4.5: Z-component (left) and r-component (right) of the electric field around prolate
spheroidal emitter with h = 62 µm and a = 1.77 µm, calculated at a radius of 0.1 µm for
accelerating gradient of 30 MV/m.

Figure 4.6 shows the behavior of the radial component of electric field around the emitter.

One can see that the radial electric field is relatively low at the “base” of the asperity. At

the same time, due to axial symmetry, the radial component decreases when very close to

the emitter tip. Thus, 61.5 µm curve, that corresponds to the region close to the tip, is
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Figure 4.6: Radial electric field component around prolate spheroidal emitter. Left - radial
dependence, right - axial dependence.

trending lower than 60 µm curve on the left diagram. Similarly, r = 0.5 µm is surpassing

r = 0.1 µm on the right graph. Note that both Gr and Gz exhibit the 1/r asymptotic trend

in the region outside of the emitter.

Figure 4.7: Axial electric field component around the prolate spheroidal emitter. Left -
radial dependence, right - axial dependence.

Figure 4.7 shows the behavior of the axial component. Note the strong field enhancement

in the region near the tip of the emitter. As expected, value of axial field goes down with

the radius, as the radial component dominates in the region away from the tip.

Using the geometrical relation for the spheroid, z = h

√
1−

(
r
a

)2
, total electric field
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Gn, normal to the emitter’s surface at any point, can be calculated as:

Gn(r) = Gn

(
h

√
1−

(r
a

)2
, r

)
(4.11)

Figure 4.8 shows the calculated Gn(r) dependence for copper in 30 MV/m accelerating

gradient. The peak field at r = 0 µm is Gpeak = 11.55 GV/m, which corresponds to the

field enhancement factor of β = 385.

Figure 4.8: Normal electric field Gn, calculated along the emitter’s surface.

Figure 4.9 shows the dark current density dependence on the radius of the emitting spot.

Notice the logarithmic vertical scale - emission current falls off quickly with the radius, as

expected from the Fowler-Nordheim formula. The total emission current can be calculates

as:

I =

∫ r

0
J(R) dS (4.12)

where dS is the surface area element calculated as dS = 2πR dR. Figure 4.11 shows the

calculated total current dependence on the radius of integration r. It is important to note

that the emission current gets saturated for radius exceeding r ' 0.06 µm. This makes the

the effective emission area of the asperity of the order of 10−13 − 10−14 µm2. That value
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is consistent with the experimental findings in MTA’s 805 MHz multicell cavity, where the

total measured dark current at the gradient’s range of 30− 35 MV/m was Imeas = 100 mA.

Figure 4.9: Current density dependence on the radius of the emitting spot.

Figure 4.10: Total emission current at 30 MV/m accelerating gradient, calculated as I =∫ r
0 J(R) 2πR dR.

Figure 4.11 shows the total dark current dependence on the surface gradient. Note that

the total dark current increases by 3 orders of magnitude between G = 20 MV/m and G =

50MV/m.
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Figure 4.11: Total emission current as a function of the surface gradient.

4.2 Electron beam tracking across the RF gap of the cavity

.

To estimate the energy deposition by the dark current beam on the opposing endplate,

one needs to calculate the transverse size of the beam and the total current, carried by the

beam. As the dark current electrons leave the field enhancement region around asperity, their

motion is fully determined by their interaction with the cavity RF fields, external magnetic

field and particle-particle interaction within the beam.

Modular Cavity has near perfect pillbox geometry - the cylinder of radius R = 10.44 cm

and the length L = 14.22 cm. The only disruption to the ideal pillbox approximation is the

coupling input near the top of the cavity body. In order to model the RF fields inside the

cavity volume, one needs to verify that such disruption is minor and does not significantly

deviate from the pillbox approximation.

To compare the field distribution in the actual geometry to that of an ideal pillbox, real-

istic modular cavity geometry was implemented in the Cubit suite [99]. Cubit is a software

package, developed at Sandia National Laboratory that allows geometrical modeling of three-

dimensional finite element meshes. Cubit enables meshing with varying in size tetrahedral
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mesh, which allows for more precise finite-element solution to the field distributions inside

the cavity volume. Figure 4.12 shows the meshed geometry of the modular cavity, modeled

in Cubit. Note that the mesh density increases near the curved elements to facilitate better

precision of RF fields calculation, while still maintaining the reasonable processing time.

Figure 4.12: Meshed geometry of the Modular Cavity, implemented in Cubit suite. Left - cut
in half along the vertical symmetry axis view of the cavity’s inner volume. Right - zoom-in
on the finite element mesh near the curved coupler input.

After geometry was implemented and meshed in Cubit, ACE3P software was used for

calculating the field distribution inside the cavity and the waveguide [78]. ACE3P’s sub-

package, Omega3P is a parallel finite-element code that numerically solves Maxwell equa-

tions with the boundary conditions, defined by the user, to find the electromagnetic field

distribution in the cavity, its resonant frequency and other RF parameters [100]. The re-

sulting eigenvector of solutions, together with the cavity geometry can be visualized by the

Paraview software [101]. Figure 4.13 shows the color-coded map of the magnitude of electric

field inside the cavity volume and the waveguide. As expected, the field is highest in the

center of the endplates and drops towards the edges. Corresponding theoretical dependence

for the ideal pillbox was described by Equation 1.5.

Figure 4.14 shows the comparison of E(r) between the ideal pillbox solution and the

simulated fields in the Modular Cavity. The E(r) dependence for simulated geometry is

plotted along the imaginary surface line shown of Figure 4.13. One can see that near the
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Figure 4.13: Color-coded map of electric field distribution inside the modular cavity.

center of the endplate, the pillbox approximation is very accurate. The coupler geometry

introduces additional correction in the R > 10 cm region. However, hence the field emission

in the center of the endplate is dominant due to stronger electric field, the solution for the

perfect pillbox geometry can be used as a substitute for the “real” field distribution in the

cavity.

Figure 4.14: E(r) dependence for ideal pillbox with R0 = 14.22 cm (blue) and for simulated
modular cavity geometry (red).

To estimate the impact energy of the beam one needs to take into account the su-
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perposition of the electric field around asperity and the RF field in the cavity volume:

Gtotal = Glocal + GRF . Figure 4.15 shows the behavior of the normal electric field com-

ponent Gz in the region extending outside the asperity. For distance that is exceeding

characteristic radius of the emitter, field enhanced region does not affect the dynamics of the

electron. Indeed, compared to the travel distance across the RF gap L = 10.44 cm, electron’s

energy gain in the order of several keV in the zo ∼ h region, has limited effect on the final

impact energy. Figure 4.16 demonstrates the effect that the initial energy of emitted electron

has on the impact energy at the opposing surface at 30 MV/m gradient. Initial energy of

3 keV was chosen as the universal parameter of the model for all field emission calculations.

The inter-beam interaction of the electrons, namely space-charge effect, plays impor-

tant part in the focusing of the beam, but does not affect the longitudinal motion of the

particle [102]. Consequently, the space charge effect is excluded from the impact energy

calculation.

Figure 4.15: Accelerating component of the local field in the region outside asperity. Note
that asperity’s tip is at z = 62 µm.

Consider an electron moving in the electromagnetic RF field of the cavity. The general

equation of motion for the particle in the electromagnetic field can be expressed as:

~dp

dt
= q[ ~E + ~v × ~B] (4.13)
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Figure 4.16: Impact energy dependence on the initial electron energy at 30 MV/m gradient.

In the ideal pillbox geometry, electric field has only one non-zero component Ez that

oscillates in time: Ez = E0 cos(2πf0 t+φ0), where f0 = 805 MHz is the resonant frequency

of the cavity and φ can be interpreted as the emission phase of the electron, relative to the

RF cycle. Magnetic field has all three non-zero components: two radial RF components

from pillbox solution Equation 1.5 and the constant solenoidal z component. The system of

equations, describing electron motion in the cavity takes the following form:



mez̈(
1−
(
ż
c

)2)3/2 = qE0(z) · cos(2πf0 t+ φ0) + q(ẋBy − ẏBx)

meẍ = q(ẏBz − żBy)

meÿ = q(żBx − ẋBz)

(4.14)

where me is the electron mass, c is speed of light in vacuum, q is electron charge and other

quantities were defined earlier in this chapter. Note that the first equation governing longi-

tudinal motion of electron is written in the relativistic form, as the electrons are accelerated

to the energies comparable and even exceeding the rest energy of electron me = 511 keV.

This system of equations is implemented in Wolfram Mathematica and can be numerically

solved for any internally consistent set of input values, namely peak gradient E0, emission
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phase φ0, initial electron energy K0, momentum ~p and emission coordinate ~r.

In this model I will be assuming that electrons are emitted from the sites close to the

center of the endplate, where the electric field is strongest. This assumption is based on (a)

empirical evidence that breakdown probability is proportional to G5
n [31] and (b) Modular

Cavity surface inspection findings, that showed the majority of the breakdown damage is

localized in the region R < 3 cm (see Section 3.2). Figure 4.17 shows the dependence of

the impact energy on the surface gradient and emission phase. Note that phase φ = 90o

corresponds to the positive crest of the surface electric field.

Figure 4.17: Left - impact energy dependence on the phase of the emission for three surface
gradient values. Right - impact energy as a function of the surface gradient for different
emission phases.

To estimate the transverse size of the dark current beam, result of electron tracking

simulations, obtained in [66] will be used. PARMELA simulation was used to find the

empirical dependence of beam’s RMS radius on the emitted current and on the external

magnetic field. Result of the simulations showed the the radius scales as:

Rrms = 22.6
I 0.33

B
(4.15)

where Rrms is expressed in µm, B in tesla, I in µA. Figure 4.18 shows the impact beamlet

radius dependence on the magnetic field for different surface gradients. As the gradient
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increases, so does the radius of the beamlet due to the higher current associated with the

higher gradient. Authors also emphasize that the result in Equation 4.15 is weakly dependent

on the asperity’s dimensions, assuming field enhancement factor is held constant [66].

Figure 4.18: Final beamlet radius dependence on magnetic field for different surface gradi-
ents.

4.3 Energy deposition by the impacting on the surface dark

current beam

Opposing surface of the cavity gets periodically bombarded by the dark current beamlets.

Assuming P is the incident power, power density can we expressed as W = P
πR2

rms
. As

beam penetrates metal, it loses kinetic energy to the electron-matter interaction. The rate

of energy dissipation and penetration depth depend on the properties of the metal, the

incident energy of the beam and the total current. Table 4.2 lists the material properties for

beryllium, copper and aluminum used in this model.

The stopping power in materials has been theoretically modeled and simulated for the

wide range of materials [103]. However, most of the approximations used in modeling energy

loss per distance traveled for electrons in matter, are of limited use in the regime when the
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Table 4.2: Material properties

Parameter Copper Beryllium Aluminum Unit

Density, ρ 8.90 1.85 2.70 g/cm3

Work function, φ 4.6 5.0 2.7 eV
Specific heat, h 385 1825 900 J/Kg · K
Thermal conductivity, λ 401 200 205 W / m · K

Thermal diffusivity, a 1.2× 10−4 5.9× 10−5 8.4× 10−5 m2/s

scattering angle is not small. In this model I will be using the experimental data on the

stopping power of electrons in metals in the 0.3 - 1.0 MeV energy range [104]. Figure 4.19

shows the stopping power in aluminum as a function of the penetration depth for three kinetic

energies of electron. Note that higher energy electrons, accelerated by stronger electric field

have larger penetration depth. However, deposition rate in the proximity of the surface is

higher for less energetic electrons.

Figure 4.19: Experimental data on electron stopping power dEdx in aluminum for three energies
of impacting particles [104].

Comparison between the stopping power in copper, beryllium and copper is shown in

Figure 4.20. Among the three metals, the radiation length of electron in copper is shortest,

while beryllium has the longest radiation length for electrons. The energy deposition rate

near the surface is also highest for copper and lowest for beryllium.
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Figure 4.20: Measured stopping power dE
dx for 0.5 MeV electrons in copper, beryllium and

aluminum.

Material’s stopping power acts as a source term in the heat equation, when calculating

the local temperature rise caused by the bombardment of dark current beamlets. As the

energy of the impacting electrons depends on the surface gradient and the emission phase, its

value might take the continuous range of values. Therefore, the pulsed heating model calls

for the explicit functional representation of the stopping power dependence on the impact

energy of electrons. To model this dependence, the experimental dE/dx data was fitted

with the Gaussian function and that functional form was extrapolated to the continuous

spectrum of energies. Figure 4.21 shows the stopping power in aluminum fitted with the

Gaussian function of the following form:

f(z, A, µ, ω) =
A√
π/2 ω

exp
(
− 2(z − µ)2

ω2

)
(4.16)

where A, ω, and µ are the fitting parameters, and z is the penetration depth.
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Figure 4.21: Measured electron stopping power in aluminum (colored points), fitted with
Gaussian functions (black curves).

4.4 Numerical solution of the heat equation for the local

temperature rise

.

As electrons are penetrating in the material they dissipate their kinetic energy in form

of heat, which leads to the rise in local temperature at the surface. Following Stratakis’s

suggestion, this model assumes that most of the beam energy is dissipated into heat within

a cylindrical region with radius Rrms and length equal to the penetration depth of the

electron in metal [105]. Using Equation 4.15, the heat dissipated in the unit volume can

then be expressed as:

W = Ne
1

πR2
rms

dE

dz
= C I0.33 B2 dE

dz
(4.17)

where Ne = I
q is the number of impacting electrons, C is the numerical constant. Several

observations can be made from studying Equation 4.17:
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• Heating term increases with the beamlet’s current. This suggests that higher temper-

ature rise can be expected at higher gradients.

• Delivered power depends on the focusing strength of external magnetic field as B2.

This result is especially important in the context of this dissertation.

• Material with higher dE
dx are more susceptible to the local heating by dark current.

This hints towards higher expected gradient performance of beryllium, the material

with longer radiation length compared to copper.

For calculating the local temperature rise under the heat generated by the incoming

electron beam, I will be solving the heat equation in cylindrical coordinates:

1

r

∂

∂r

(
r
∂T

∂r

)
+
∂2T

∂z2
+

1

λ
W (r, z, t) =

1

a

∂T

∂t
(4.18)

The typical radiation length for MeV- energy range electrons is several millimeters, which

is smaller than the thickness of the Modular Cavity endplates (d = 14.2 mm). The radius

of the beamlet in simulations does not exceed several millimeters. For the semi-infinite disk

heated at the surface by a disk heat source, cylindrical Green Functions can be applied to

yield the exact solution in the form of an integral [106]. The surface of the semi-infinite disk

is considered to be insulated everywhere except for 0 < r < Rrms. Initial temperature is

taken to be zero for convenience. A mathematical representation of the boundary conditions

for equation 4.18 is the following:

−λdT (r, 0, t)

dz
=


qo for 0 < r < Rrms

0 for r > a,

T (r, z, t)→ 0 for r →∞ and z →∞,

T (r, z, 0) = 0,

(4.19)

It is important to discuss the validity of the approximations in the context of time-scale
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of the physical processes involved. The length of the RF pulse in Modular Cavity tests is

30 µs, the maximum repetition rate is 10 Hz. This means that each RF is separated by

0.1 s gap. During the RF pulse metal surface is bombarded with the dark current electrons

periodically with frequency f0 = 805 MHz, which means that the characteristic time between

the intensity peaks is 1.2 ns. The general properties of the heat propagation tell us that

the characteristic distance of heat transfer in the material is D ∼
√
a t, where a is the

thermal diffusivity and t is time. Figure 4.22 puts this dependence for copper in perspective

of timescales outlined above.

Figure 4.22: Characteristic time sclale vs heat propagation distance for copper (blue line).
Relevant points for pulsed heating effect are marked with green dots.

On the 805 MHz timescale (t ∼ 1.2 ns) the heat propagation length does not exceed

1 µm, which is orders of magnitude less than the characteristic radius of the beamlet Rrms.

This means that one can exclude RF time dependence from the calculations and substitute

it with the steady-state heating term. During the 0.1 s between the pulses heat dissipates

over the distance of d ∼ 5 mm, which significantly larger than Rrms. Thus, we can limit

the calculation of local temperature rise to just one RF pulse and assume that the local

temperature returns to the average endplate temperature by the start time of the next RF
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pulse. Note that these estimates are also valid for beryllium and aluminum, as their thermal

diffusivity is comparable to copper (see Table 4.2).

The temperature rise at the surface of the cylinder could be expressed as an integral

using Green’s functions [106]:

∆T =
a

λ

∫ Rrms

0

∫ d

0

∫ τp

0
GR ·Gz ·W (r,′ z′, t) 2πr dr′ dz′ dt (4.20)

where d is the cylinder’s length, GR and Gz are the one dimensional Green functions that

take the following form:

Gz(z, z
′) =

1√
4aπt

[
exp

(
− (z − z′)2

4at

)
+ exp

(
− (z + z′)2

4at

)]
Gr(r, r

′) =
1

4aπt
· exp

(
− r2 + r′2

4at

)
· I0
(r r′

2at

) (4.21)

where a is metal thermal diffusivity and I0 is the modified Bessel function of the first

kind. Now, combining Equations 4.20, 4.21 4.17, 4.16, the final integral for the temperature

rise calculation becomes:

∆T (t, r, z) =
2a

qλR2

∫ τp

0
Idt′

∫ R

0

(
r dr′

4aπt
exp

(
− r2 + r′2

4at

)
I0

(r r′
2at

))
×

∫ d

0

(
dz′√
4aπt

[
exp

(−(z − z′)2

4at

)
+ exp

(−(z + z′)2

4at

)])
× A√

π/2 ω
exp

(−2(z − µ)2

ω2

)
(4.22)

where A, ω, µ are the gaussian fit parameters for dE
dz , R ≡ Rrms, τp is the RF pulse

length, a and λ are the material properties, defined in Table 4.2. The first integral in 4.22

corresponds to the integrated current over the pulse length τp. As discussed earlier, current

fluctuations within RF period do not affect the temperature calculation. This means one can

rewrite
∫ τp
0 Idt = N

∫ τrf
0 Idt, where τrf is the period of one RF cycle and N is the number

of RF cycles in one RF pulse, so that τp = N × τrf .

To calculate
∫ τrf
0 Idt numerically, positive half-period of the electric field’s RF sine wave
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is divided into 16 points for phases φn = 35o, 40o...110o. The total current at each point is

calculated according to 4.12 and the integral is approximated by the Riemann sum
∫ τrf
0 Idt =∑16

n=1 I(φn)∆tn. Figure 4.23 demonstrates the procedure of current integral approximation

for surface gradient 30 MV/m. Note that the calculated current for φn < 35o is negligible

compared to the current near the crest of the waveform. Electrons emitted at φn > 110o

phase typically do not reach the opposite wall of the cavity or have very low impact energy

(see Figure 4.17).

Figure 4.23: Dark current integration procedure over one RF period. Black line demonstrates
the positive half RF period of surface gradient with black dots marking the time points at
which current values are calculated. Current values for each phase are shown as blue dots).

Integral representation of the temperature rise 4.22 can be solved numerically for any

point t0, r0, z0. According to the pulsed heating model, the surface temperature rise is the

critical therefore z0 is set to zero. The choice of t0 is dictated by the duration and shape of

the RF pulse during the Modular Cavity’s high power runs. Figure 4.24 shows the typical

envelope of the pickup signal. The duration of the RF pulse length delivered to Modular

cavity by the power source is 32 µs, followed by the exponential decay in the stored energy.

τp = 20 µs shown with dashed lines, during which the gradient deviation from the maximum

does not exceed 5%, was chosen for the pulsed heating model input. Sensitivity of the model
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predictions to pulse length will be discussed in Chapter 5.

Figure 4.24: Example of the pickup signal envelope during the Modular Cavity run. 20 µs
flat top is marked with vertical dashed lines.

Figure 4.25 shows the temperature profile solution on the surface, calculated for copper

endplate operating at 20 MV/m in three tesla field. The maximum temperature of T = 44 K

is reached at the center of the impacting beam profile.

4.4.1 Translating local temperature rise to the threshold gradient

When the thermal stress, imposed by the bombarding electrons exceeds the elastic limit

of material, surface defects, such as cracks, can develop due to cyclic fatigue [107]. Cyclic

fatigue is the metal fatigue caused by the cyclic heating and cooling. If the heating happens

quick enough, the fast heating of skin layer by dark current leads to the thermal expansion

in the surface of material, while inner colder layers are confined and are limited in the

ability to expand transversely. H.M. Musal demonstrated that during the initial part of the

temperature increase the metal surface is subject to compression within its elastic range [108].

However, after the yield stress is reached, surface undergoes the plastic compression. The

threshold temperature rise for the plastic deformation can be expressed as:
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Figure 4.25: Surface temperature profile solution for the copper endplate in three tesla
magnetic field, operated at 20 MV/m surface gradient.

∆Ts =
(1− v)σ

αε
(4.23)

where v, σ, α are mechanical properties of the material defined in Table 4.3. Previous exper-

iments showed the visible surface damage when operating cavities at conditions exceeding

∆Ts [109]. Table 4.3 also includes the calculated values for the threshold temperatures for

plastic deformation in copper, beryllium and aluminum. The lowest of three threshold tem-

perature for copper is the consequence of the relatively low yield stress compared to other

materials. Largest of three, the critical temperature for beryllium indicates that beryllium

might be less susceptible to the pulsed heating induced stress. Figure 4.26 demonstrates the

calculated surface temperature rise dependence on the external magnetic field for copper.

Naturally, the higher accelerating gradient leads to the larger increase in surface temperature.

More importantly, strong dependence of the temperature rise on the external magnetic field

is evident - the heating source term in Equation 4.20 becomes large at strong magnetic fields
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Table 4.3: Mechanical properties of materials

Parameter Copper Beryllium Aluminum Unit
Poisson ratio, v 0.330 0.330 0.032 -

Elastic modulus, ε 1.3× 1011 6.9× 1010 3.0× 1011 N/m2

Yield stress, σ 6.2× 107 2.8× 108 2.4× 108 N/m2

Linear expansion, α 1.7× 10−5 2.4× 10−5 1.2× 10−5 1/K
Threshold temperature, ∆Ts 38 128 224 K

due to the focusing effect. The dashed line in Figure 4.26 relates to the threshold tempera-

ture for copper, Ts = 38 K. Figure 4.26 also suggests that for each gradient Gs ≥ 20 MV/m

there is a threshold magnetic field for which the temperature rise exceeds the elastic limit of

copper, making it susceptible to the cyclic fatigue.

Figure 4.26: Surface temperature rise dependence on the external magnetic field. Dashed
line corresponds to the threshold plastic deformation temperature for copper.

Comparison of the temperature profiles between copper, aluminum and beryllium are

summarized in Figure 4.27. The trend of the dependence is the same for all three materi-

als, however, longer radiation length of beryllium makes beryllium less prone to the cyclic

temperature rise. Together with the higher threshold temperature Ts(Be) = 224 K this

might explain the higher gradient performance of beryllium during the Modular Cavity tests.
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Figure 4.27 also predicts better performance of aluminum compared to copper in external

magnetic field.

Figure 4.27: Surface temperature rise dependence on the external magnetic field for copper,
beryllium and aluminum at 30 MV/m gradient. Dashed lines correspond to the threshold
plastic deformation temperatures for three materials.

When radius of the impacting beam goes to zero, the temperature rise should approach

the solution of the heat equation with delta function source term. This can be illustrated

by imposing B −→ ∞, which corresponds to Rrms −→ 0, according to Equation 4.15.

Figure 4.28 shows the asymptotic of the temperature rise behavior. As expected, the tem-

perature rise plateaus when B −→∞. One can see that for 26 MV/m the temperature rise

plateaus at around B = 10 tesla, and at around B = 5 tesla for 20 MV/m. Figure 4.28

suggests that magnetic fields above some threshold value does not lead to deterioration in

the gradient performance of the material.

It is now possible to obtain the predictions for the threshold gradient in the external

magnetic field for all three materials. The threshold gradient Gt is defined by the condition

of the calculated local temperature rise ∆T not to exceed safe temperature Ts. Results for

copper, beryllium and aluminum are shown in Figure 4.29. One can see that the predicted
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Figure 4.28: Asymptotic behavior for the temperature rise in copper with B −→∞ for two
gradient values.

gradients for beryllium are significantly higher than for copper. It is important to compare

the measured safe operating gradients during Modular Cavity’s high power tests with the

predictions of the pulsed heating model. However, the limited number of data points in

Figure 4.29 does not allow for the comprehensive statistical analysis. The pulsed heating

models assumes that dark current electrons, focused by magnetic field, play a significant

part in the initiation stage of RF breakdown. However, when magnetic field is absent,

corresponding temperature rise due to electron bombardment approaches zero (as can be seen

in Figure 4.27). This implies that pulsed heating paradigm is relevant only for the conditions

involving strong magnetic field. When B-field is zero, other breakdown mechanisms come

into play; detailed study of these mechanisms is beyond the scope of this dissertation.

Measured safe operating gradient in 3 tesla for copper G = 12.2 MV/m is 37% lower

than the predicted value Gs = 19.5 MV/m. This discrepancy can be explained by the

severity of surface damage inflicted during three tesla operation. Observed melted pits with

rough crater edges, small copper droplets and cracks in solidifying material indicate that
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Figure 4.29: Threshold gradient predictions for copper, beryllium and aluminum by the
pulsed heating model (colored lines). Points on the graph correspond to the measured
gradients of copper and beryllium in Modular Cavity runs.

the field enhancement factor β might increase with more damage accumulating. Indeed, the

deterioration of the operating gradient was observed during the high power test in three tesla

(see Section 3.1).

Prediction for the three tesla gradient performance of beryllium Gs = 56.5 MV/m is

10% higher than the measured safe operation gradient of G = 49.8 MV/m. Importantly, the

gradient predictions for beryllium are more than > 100% higher compared to copper at a

given magnetic field value, the trend that is reflected in the experiment. Note that during

the last high power test with beryllium, stable performance with limited breakdown rate was

observed when operating at gradients up to 60 MV/m in external magnetic fields up to 3.5

tesla (see Section 3.1).

99



4.4.2 Pulsed heating model sensitivity to emitter’s dimensions

Following formalism in [66], the model considers the prolate spheroidal emitter with the

following dimensions: a = 1.77 µm, h = 62 µm. Corresponding field enhancement factor for

this emitter is β = 385, which agrees with the dark current measurements in the 805 MHz

multicell cavity experiment [49]. However, the same field enhancement factor can be achieved

in the emitter of the same shape but different dimensions, with the constraint of keeping the

h
a constant. Figure 4.30 shows the comparison of the surface temperature rise predictions

for the ”full size” emitter and the ”half size” emitter, for which a = 0.88 µm and h = 31 µm.

Note that the factor of ∼ 2 difference in the calculated temperature rise predictions between

the two emitters translates to only ∼ 10% difference in the threshold gradients.

Figure 4.30: Left - surface temperature rise dependence on magnetic field for the ”half size”
emitter and ”full size” emitter. Right - threshold gradient predictions for both emitters by
the pulsed heating model.
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CHAPTER 5

CONCLUSION

The experimental program of the Modular Cavity allowed for the detailed study of RF

breakdown in external magnetic field. The modular design of the cavity enabled frequent

inner surface inspections after the high power runs with fixed external magnetic field values.

Addressing the goals outlined in Section 2.8.3, the following can be noted:

• Breakdown damage induced in high-power operation was observed only on the flat

endwalls of the Modular Cavity, where electric fields are the highest by design. This

allows to discuss the RF breakdown in the context of the defined surface gradients and

trajectories of dark current electrons.

• Measurements of the safe operating gradient of the Modular Cavity’s configurations

with beryllium and copper endplates in zero and three tesla magnetic fields were per-

formed. As copper and beryllium were tested in similar operating conditions, direct

comparison of the materials’ gradient performance is possible.

• Surface inspections after each high power test allowed for the characterization of the

breakdown damage, observed on the beryllium and copper endplates at different values

of the external magnetic field.

Muon ionization cooling channel designs require operating normal conducting RF cavities

in multi-tesla external magnetic fields. The most recent designs require 22 MV/m operation

of 805 MHz cavities in 3.5 tesla field [18]. The measured safe operating gradient of the

Modular avity in 3 tesla magnetic field is 49.8± 3.0 MV/m. The cavity was also operated in

3.5 tesla and showed stable performance at the gradients exceeding 50 MV/m during 350k

RF pulses of operation. Thereby, Modular Cavity demonstrated the feasibility of achieving

the designed gradients in vacuum RF cavities for the muon ionization cooling channels.
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The pulsed heating model of RF breakdown aims to quantify the gradient limitations

on operating RF cavities in the strong focusing magnetic field. In this work, the model

was developed to generate predictions for the Modular Cavity, tested in copper and beryl-

lium configurations. Measured Safe Operating Gradient for copper in three tesla field is

12.2 MV/m, 37% lower than the predicted by the pulsed heating model 19.5 MV/m. Mea-

sured SOG for beryllium in three tesla field is 49.8 MV/m, 10% lower than predicted by

the model 55 MV/m. Several factors might account for these discrepancies.

First, the notion of the safe operating gradient is an artificial construct. Threshold

breakdown rate of 10−5 is dictated by the specific requirements of the muon ionization

cooling channel. The pulsed heating model equates the safe operating gradient and the

threshold gradient for plastic deformation, so it is implicitly dependent on the breakdown

rate assumptions.

Second, the pulsed heating model assumes the prolate spheroidal shape of the asperity

with the field enhancement factor of βe = 385. Locations of the breakdown damage, induced

in three tesla field on copper were observed to cover large surface area on the endplates.

This suggests that RF breakdowns might be triggered by multiple surface defects, randomly

activated at different times. It is reasonable to assume the variation within the shape of these

defects. Moreover, damage induced in three tesla field in copper changes the morphological

properties of the surface. In particular, the observed splashes of melted copper can contribute

to the additional increase in the field enhancement factor by 2 - 5 times (see Section 3.2).

Third, the gradient predictions of the pulsed heating model are calculated through the

estimation of the safe temperature for the metal’s elastic limit ∆Ts, where the safe tem-

perature is calculated using the mechanical properties of the material (see Equation 4.23).

However, Kuzikov et al., demonstrated that required temperature for surface fracture also

depends on the operating conditions [111]. Equation 5.1 shows the expression of required

temperature for copper surface fracture:
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∆Tf =
( 1

A
√
τ

)1/2√
ln
( 1

n
+ 1
)

(5.1)

where n is the number of accumulated RF pulses, τ is the pulse length, and A is constant. For

the Modular Cavity’s copper high power tests, τ = 30 µs, n ≈ 2×107, and Equation 5.1 gives

∆Tf ≈ 76 oC. Similar analysis for the required temperature rise for the surface fracture in

beryllium will be an interesting study in the future. Limited operation time allocated for the

Modular Cavity program did not allow for studying the safe operating gradient dependence

on the number of accumulated RF pulses. More breakdown statistics would enable separating

the effects of surface conditioning and surface degradation, as well as improve the accuracy

in the safe operating gradient measurements.

Resources of the Modular Cavity program did not allow for the detailed dark current

studies. Thick 1.3 cm copper endplates absorb the impacting electrons, preventing them

from passing through to the detectors. Operational time constraints did not allow for the

imaging study of the dark current, passing through the thin 2 mm window in the beryl-

lium endplates. Measurements of the electron current and the transverse size of the dark

current beamlets would enable to estimate the surface emitters’ dimensions and shape (see

Section 4.1). Therefore, detailed dark current study would allow to improve the precision of

the pulsed heating model.

Another possible test of the pulsed heating model is studying the effect of RF pulse

length on the safe operating gradient. Figure 5.1 shows the simulated dependence of the

local surface temperature rise on the length of RF pulse. Large values of the pulse length

correspond to the steady state solution of the heat equation 4.17. That regime corresponds

to the plateauing region in Figure 5.1. According to the model, decreasing the pulse length

can mitigate the deteriorating effect of the pulsed heating.

Observed perfect one-to-one correspondence between the damage on the opposing plates

suggests the connection between the opposing surfaces through the charged particles’ tra-

jectories. This provides an indirect evidence that the dark current beamlets, confined to
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Figure 5.1: Simulated local temperature rise dependence on the RF pulse length for copper
at operated 20 MV/m. Red asterisk marks the pulse length τ = 20 µs , used in the pulsed
heating model calculations.

move along the straight-line trajectories in the focusing magnetic field, are influencing the

RF breakdown mechanism. The disruptive nature of the damage incurred during three tesla

copper operation indicates that the focusing effect of the magnetic field leads to higher energy

density deposited near the metal surface.

Table 5.1: Radiation length for 1 MeV charged particles in copper and beryllium [112].

Particle Be radiation length, mm Cu radiation length, mm
Proton 0.016 0.007

Electron 2.95 0.71

Longer radiation length of protons and electrons in beryllium suggests that the kinetic

energy of the impacting charged particles gets deposited deeper into material relative to

copper. Table 5.1 shows the radiation length of 1 MeV electron and 1 MeV proton in copper

and beryllium. 1 MeV is the typical impact energy of charged particle accelerated by the

RF field in the Modular Cavity. One can see that the radiation length for both particles is

shorter in copper. This might explain no observed microscopic damage on beryllium in three
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tesla operation: charged particles penetrate deep into material and dissipate the energy in

the form of heat further away from the surface.

Modular Cavity’s experimental program shed light on the previously unknown aspects

of RF breakdown in strong magnetic field. New revealed phenomena of breakdown damage

matching and splashing of melted material in multi-tesla fields will benefit of more detailed

study in the future. Gradient results and surface inspection findings provide the additional

evidence in favor of the pulsed heating model. This work provides the motivation for the

next steps in studying the phenomenon of RF breakdown in strong magnetic fields.
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