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Abstract

RF pulsed heating is a process by which a metal is heated from magnetic fields on
its surface due to high-power pulsed RF. When the thermal stresses induced are
larger than the elastic limit, microcracks and surface roughening will occur due to
cyclic fatigue. Pulsed heating limits the maximum magnetic field on the surface and
through it the maximum achievable accelerating gradient in a normal conducting
accelerator structure. An experiment using circularly cylindrical cavities operating in
the TEgp;; mode at a resonant frequency of 11.424 GHz is designed to study pulsed
heating on OFE copper, a material commonly used in normal conducting accelerator
structures. The high-power pulsed RF is supplied by an X-band klystron capable of
outputting 50 MW, 1.5 us pulses. The test pieces of the cavity are designed to be
removable to allow testing of different materials with different surface preparations.
A diagnostic tool is developed to measure the temperature rise in the cavity utilizing
the dynamic QQ change of the resonant mode due to heating. The diagnostic consists
of simultaneously exciting a TEy;» mode to steady-state in the cavity at 18 GHz and
measuring the change in reflected power as the cavity is heated from high-power pulsed
RF. Two experimental runs were completed. One run was executed at a calculated
temperature rise of 120 K for 56 x 10° pulses. The second run was executed at a
calculated temperature rise of 82 K for 86 x 10° pulses. Scanning electron microscope
pictures show extensive damage occurring in the region of maximum temperature rise

on the surface of the test pieces.
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Chapter 1

Introduction

1.1 Description of RF Pulsed Heating

Pulsed heating is a transient process by which materials (usually metals) are heated
by a pulsing source. This type of heating is in contrast to steady-state heating in
which the source is always active. Hence, pulsed heating causes the temperature in
the material or on its surface to cycle with the same repetition rate as the source.
After the source is switched off, the temperature inside the material usually decays
close to its ambient value by the time the source is active again.

RF (Radio Frequency) is a term used to denote time-varying electromagnetic fields.
Essentially, RF pulsed heating is a process in which a metal is heated with a pulsed RF
source of power. The basic mechanism of this process is the local Joule heating that
occurs on the metal surface due to eddy currents created from pulsed RF. Intuitively,
if we ignore radiation effects, the heat deposited on the surface of the metal must
flow into the material. The heat flow is governed by the well-known heat diffusion
equation

1 1 0T

2 Loz &
VT (7, t) + kg(r,t) o Ot (1.1)

where T'(7,t) is temperature (K), 77is position (m), t is time (s), ¢(7,t) is power per
unit volume (W/m?), k is thermal conductivity (W/m-K), ag = k/pc. is thermal

diffusivity (m?/s) where p is density in (kg/m?) and c. is specific heat at constant
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strain in (J/kg-K). It will be shown later that the temperature rise on the surface of
the metal is maximum for heat deposited on the surface.

Stress is induced on the metal surface when the heating occurs faster than the
metal has time to expand. The thermal expansion of metal is limited in time by
the velocity of sound in the material. If the induced stress from each RF pulse is
above a certain threshold, known as the yield strength, then damage in the form of
microcracks will eventually occur. The damage may not manifest until after many
RF pulses are applied to the material. This damage process is known as thermal
fatigue which is described in more detail in section 1.3. Thermal fatigue from pulsed

heating may eventually cause the material to be unusable.

1.2 Relevance of RF Pulsed Heating to Accelera-
tor Physics

The frontier of accelerator physics aims to achieve higher center-of-mass energies for
particle collisions. Under present technology, the cost and length of conventional RF
accelerators become prohibitive at center-of-mass energies starting at 1 TeV. Current
research is ongoing in advanced accelerator concepts to achieve such energies with
reasonable cost. One such focus of this research is to attain higher gradients in
RF linear accelerators. In order to obtain reasonable accelerator lengths and AC
power requirements it is necessary to operate at shorter wavelengths as compared
to the linear accelerator at SLAC (currently operating at A = 10.5 cm) [58]. Such
research involves studying the limits of high gradients due to phenomena such as RF
breakdown, dark current trapping and, of course, pulsed heating. It is interesting to
consider these limitations as a function of RF wavelength.

Dark current trapping occurs when field emitted electrons are accelerated to rela-
tivistic energies in an RF cycle and trapped by a travelling RF wave in the accelera-

tor [50]. This phenomenon can cause beam loading and random deflecting wakefields
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Figure 1.1: Gradient limits due to dark current trapping, RF breakdown, and pulsed
heating. The data points represent gradient achieved with reasonable dark cur-
rent [50].

and occurs when the gradient exceeds [58]

1.6 MeV

Gtrap - \

(1.2)

RF breakdown is characterized by pulse shortening and high-power spikes caused by
the emission of absorbed gas from the surface of the metal into the high-power vacuum
device. There is little understanding of the underlying causes of RF breakdown, but

with the guidance of some experiments [35, 56] a convenient scaling is obtained [58]

1.1 GeV/m

7[)\(6111)]7/8 . (1.3)

Gbreak -

These two scalings are shown in Figure 1.1 along with gradients measured at different
wavelengths [50].

Pulsed heating can cause another limit to high gradients which arises when the
metal surface yields due to pulsed temperature rises. This limitation is considered in

more detail in the sections that follow, but the criterion is related to the induced stress
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p 8.95 x 10° kg/m?

Ce 385 J/kg - K
k 391 W/m - K
o 1.67 x 1072 K1
E 1.23 GPa
v 0.345
Oy 34 MPa
U} 426 MPa [7, p. 88]
e 0.29 [7, p. 88|
b -0.11 [7, p. 88]
c -0.51 [7, p. 88]
O 5.8 x 10" S

Table 1.1: Parameters of fully annealed OFE copper at room temperature.

exceeding the yield strength of the material. Equation (1.29) gives the temperature
rise at which the induced stress from pulsed heating of a metal surface will exceed
its yield strength. Noting that damage will accumulate when the temperature rise is
twice this value (see section 1.3.4) and using the values given in Table 1.1 for fully
annealed OFE copper, we expect the damage threshold to be AT = 40 K. Other
sources have quoted a threshold value for damage to be AT = 110K for OFE copper
due to heating from pulsed electron flux [23, 42]. The calculation of the AT = 110K
threshold assumed that the dynamic yield strength is about three times higher than
the static one quoted in Table 1.1. The value of the yield strength of copper in the
regime of RF pulsed heating is not known. It is also not known if damage due to
pulsed heating from RF is different from pulsed electron flux since electrons have a
higher penetration depth than electromagnetic fields in metal.

A convenient scaling for pulsed temperature rise is [58]

G?*\/T,
AT =TV s (1.4)
2y JTpe:k

where G is unloaded gradient, 7, is the RF pulse length, R, is the surface resis-

tance, p is the density, c. is the specific heat at constant strain, and k is the thermal
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conductivity. The impedance Zy is the ratio

G
ZH - Hmawa (15)

where H,,,; is the maximum surface magnetic field. The surface resistance is given

by
T UClight
Ry,=,/—, 1.6
\/ Yo, (1.6)

where A is the RF wavelength and o, is the metal conductivity. Equation (1.4) will be
derived in Chapter 3. If we use the values for NLC (Next Linear Collider, A = 2.6cm),
Zy = 300Q and T, = 360ns, scale RF pulse length with filling time, T}, ~ \3/2 [34, 50]

and use the values in Table 1.1 we get

ATI/Q

Gpuise = (28 MeV/m)W.

(1.7)
Various temperature rises have been plotted in Figure 1.1. As Figure 1.1 shows, pulsed
heating becomes an important impediment to higher gradients at shorter wavelengths
as compared to RF breakdown and dark current trapping. Based on the above results,
an experiment, which is described in Chapter 2, has been created to test OFE copper
at various temperature rises. The goal is to experimentally demonstrate the dangers

of pulsed heating to future accelerator designs.

1.3 Thermal Fatigue of Metals

Analysis of heating is important for determining the behavior of the material in
various applications. Specifically, one worries about damage induced in the material
by thermal loads that render the material unusable. Usually the first criterion that is
met is that the temperature rise due to pulsed heating must be less than the melting
point of the material. In high-power RF applications, which due to electric breakdown
in air must be performed under high vacuum, this criterion limits the energy that may
be applied in a single pulse. There are, of course, other limits to high-power RF, such

as RF breakdown, that do not directly depend on Joule heating. Such limitations
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will not be discussed here.

The melting of metal is an important, and perhaps obvious, limitation of high
power. However, damage to metals may occur from thermally-induced stress due to
temperature changes much lower than necessary to melt the surface. “Damage” is
used loosely to describe an unwanted permanent change in the material. For some
applications damage could simply mean cracks of a certain length on the surface (frac-
ture). For other applications, damage could be nothing more than surface roughening
in which the surface finish of a metal is no longer as good as it was initially.

Obviously the amount of stress necessary to cause damage depends on the proper-
ties of the material. However, damage may not occur in metals until stress has been
repeatedly applied many times. This type of damage mechanism is known as fatigue
or cyclic fatigue. When the stress is thermally-induced this mechanism is known as
thermal fatigue. The level of stress necessary to cause fatigue is much lower than that
which is necessary to cause damage in one pulse or cycle. Before we discuss thermal

fatigue in more detail, it would be worthwhile to review some elasticity theory.

1.3.1 Linear Elasticity and Thermal Stress

Forces distributed over the surface of a body are called surface forces. The surface
force per unit area is known as stress. Internal stresses in a body are surface forces
that result from physical contact between two imaginary surfaces in the body. The
deformation of a body is found by considering the displacements of particles in the
body. Only displacements that result in deformation of the body and not rigid-body
movement are considered. Strains are the relative elongations or distortion of angles
between these sets of particles.

In general, materials will deform under applied loads or stresses. The theory of
elasticity [8, 12, 29, 52, 55] describes such deformations as long as the deformations
are “small” in the sense that when the loads disappear so do the deformations. A
material is said to be elastic in this range of stresses. When the applied stress is larger
than this elastic limit then permanent deformation will occur. Basically, when these

stresses are removed the material will not revert back to its original size or shape
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depending on the nature of the applied stress. The material is said to be plastic in
this region, and the theory of plasticity [8] will be needed to describe the deformation
of the material.

In this section we will only discuss linear elasticity in order to place more em-
phasis on the basic physics involved in the study of pulsed heating. Linear elasticity
describes the situation in which the stress is proportional to the strain. This property
depends on the material, but it is usually a good assumption in practice. Also, we
will assume that the material is isotropic, meaning that the properties of the material
do not depend on the coordinate direction. We will limit our discussion to cartesian
coordinates for purposes of illustration.

Based on the assumptions given above, there are a total of 15 components needed
to describe the material under applied loads. In cartesian coordinates these compo-
nents are the 6 stress components 0., 0yy, 04z, Oy, Oyz, Os,, the 6 strain components
Eway Eyys €22y Eayy Eyzy €z, and the 3 displacement components u,, u,, u,. We only
need six stress components and six strain components instead of nine, because we as-
sumed the material is isotropic which gives o;; = 0j; and ¢;; = €j;. Figure 1.2 shows
the positive orientation of the stress components on an infinitesimal cube inside a
body.

It must be remembered that stress and strain are second-order tensors. One
cannot think of these components as vector components unless you define a reference
plane. Hence the shear stress components o,,, 0,,, 0,, may be zero with respect to
one plane and nonzero with respect to another. This fact will be important when
considering metals with grain boundaries.

There are 15 equations necessary to uniquely solve for the stress, strain, and
displacement in a body. The first three equations involve the stress components
and are known as the equilibrium equations. These equations are independent of the
material properties and are derived solely from the consideration of equilibrium of
the body:

00 sz 00y 00, _
ox + Byy + 0z + FI =0
o 4 S 2 L B =0 o, (1.8)

dogz | 90yz | oz _
8x+8y+82 +FZ_0
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Figure 1.2: Stress components on an infinitesimal cube inside a body. Arrows show
direction of positive stress.

where F, F,, and F, are body force intensities or body forces per unit volume. Body
forces are forces associated with the mass of the body and are distributed throughout
its volume. Body forces also include the effect of inertia forces which are important

in the study of pulsed heating. The inertia forces are given below

2 92 20,
F, = _paatufa Fy =P atu2y7 F, = _paat%ya (19)

where p is the mass density of the material (kg/m?).
The next set of equations are known as the strain-displacement relations. They are

derived from purely geometrical considerations and are also independent of material

properties.
=
_ Ouy
Syy = By
6\2:2: = % ( )
z
4 1.10
1/ Ouy ou
Cay = 5( auy + 8_;)
1(0u Ou,
ey = 3 (55 + 55
_1(8 d
e = 33+ 52).
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The last six equations are known as the stress-strain relations or generalized
Hooke’s law. They are constitutive relations that depend directly on the proper-

ties of the material. As mentioned before, these relations embody the assumptions of

linear elasticity:
.
Egz = %[Jm —v(oyy +0)] + T
Cyy %[Uyy — V(042 + 0g)] + T
1
Erzz = E[O—zz - V(wa + Uyy)] + ol ' , (111)

1

Exy = ﬁo—wy
1

26 %yz

Eyz =

1
€1z = 550
Tz 2G Xz )
where E is Young’s modulus (Pa), a is the coefficient of linear thermal expansion

(K1), T is temperature (K), v is Poisson’s ratio, and G = E/2(1 + v) is the shear

modulus (Pa). Hooke’s law may also be written in terms of stresses:

Opz = A+ 2uery — (BN + 2pu)aT )
Oyy = e+ 2uey, — (3A 4+ 2p)aT
Ouy = A+ 2ue,, — (3N + 2p) T , (1.12)
Oy = 2/E gy
Oyz = 2y,
Oz = 2/-'I/€CIJZ J

where e = ¢, + &,y + €, is known as the dilatation, and A\ and p are known as the

Lamé elastic constants and are related to E and v as follows:
vE
A= 1.13
1+v)(1—2v) (1.13)
FE
= =(. 1.13b
P =51+ (1.13b)
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The following relations also hold:

(BA +2p)p
E=—— 1.14
A
=—\ 1.14b
g 2(\ + p) ( )

Notice that thermal strain is also included in equations (1.11) with the a7 term.
Since thermal expansion is isotropic (it can only change the size of a body and not
its shape), the shear strains e,, €,., and &,, are not affected by temperature. Also
note that these equations assume that the reference temperature is 0 K. We will keep
this assumption for convenience.

According to Hooke’s law, once the stress and temperature distributions in a body
are known, the strain distribution is easily found. If the body is simply heated with no
applied surface forces then equations (1.11) reduce to the common thermal-expansion
equation AL = aLAT where L is the length of the body in a particular coordinate
direction. Using this fact as a guide, we can separate the normal strains ., €,,, and
£,» in equations (1.11) into mechanical and thermal strains ;5101 = €mech+Etherm- This
distinction will help us understand the physical mechanism behind thermal stresses.

Thermal stresses arise when a body is heated but is constrained from expanding.
We can imagine heating a long, thin bar that is clamped at its ends. Because the
bar is constrained, the total strain is zero since the bar cannot physically expand.
A mechanical strain is set up from the constraint to oppose the thermal expansion.
This constraint causes stress to build up in the bar.

Since the 15 equations of elasticity are linear, it is perhaps more intuitive to think
of this example in terms of superposition. First, we heat up the bar without any
constraints and allow it to expand longitudinally. Next, we physically compress the
bar back to its original length. The stress necessary to create this mechanical strain is
the same as the thermal stress that would arise if we prevented the bar from expanding
originally. Thus thermal stresses are the same as physical stresses.

It will be interesting to further explore these ideas with some calculations. Let us
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> N

X

Figure 1.3: Block of material

examine a block of material as shown in Figure 1.3 that is initially at a temperature
of 0 K. We will heat the material to a temperature T under various mechanical

constraints. All results are derived using Hooke’s law (1.11) or (1.12):

Case 1: No constraints in all directions (o, = 0y = 0,, = 0)

Egg = Eyy = €4, = .

Case 2: Constrained in x-direction, but free to expand in y and z-directions

(Oyy = 042 = 0,64, =0)

Oze = — BT

Eyy = €2 =T (1 +v).
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Case 3: Constrained in x and y-directions, but free to expand in z-direction

(Uzz - 07 Exx = Eyy = 0)

EaoT
1
€7 = + VaT.
1—v

EaT
_1fé2u)

Case 4: Constrained in all directions (04 = 0yy = 0,, =

Egw = Eyy = €2, = 0.

For most metals, v ~ 1/3. Therefore, one can see that the more mechanical con-
straints placed on a body, the higher the thermal stress will be when the body is
heated. Also note that the stresses derived above are compressive. If we had started
with the material stress-free at a temperature 7" and then let it cool down to 0 K,
the stresses would be tensile but with the same magnitude as given earlier.

A material subjected to pulsed heating would behave similarly to the example
considered above. The major difference is that the mechanical constraint is due to
the inertia of the material itself, because the body or the surface of the material is
heated and cooled on a small time scale. Therefore one must take into account the
propagation of sound waves in the material which will cause the stress in the material
to relax over time as the body is allowed to expand. The physics of this situation is
contained in the equations (1.8), (1.9), (1.10), and (1.11). Therefore, a full dynamic
calculation must be done before the stress can be determined. However, as a first
approximation, if the body is large enough in a certain dimension we may assume
that the total strain in that dimension is zero during the heating of the material. The
results derived in the example above then directly apply. This simplification will serve

as a guide to understanding the dynamic stresses that exist due to pulsed heating.
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1.3.2 Strength of Materials

The knowledge of the stress and strain in a body are important for the study of
fatigue of materials. There are some empirical relationships that relate the lifetime of
a given material to the stress or strain state that exists in the body. These relations
are obviously important for engineering designs of mechanical components. We will
attempt to extend these ideas to the study of pulsed heating, but first we must review
some details about the strength of materials [3, 49].

Many studies on the fatigue of materials focus on uniaxial fatigue where the ap-
plied stress or strain on a body occurs in only one direction. Studies of multiaxial
fatigue are harder to interpret and there is much more data available for materials
experiencing uniaxial loads. So in this section, stress and strain are to mean stress
and strain in the direction of the uniaxial load.

All metals follow a characteristic curve known as the stress-strain curve. These
curves basically describe the behavior of a material under applied stresses or strains
and are divided into two classes, the static or monotonic stress-strain curve and the
cyclic stress-strain curve. The static stress-strain curve describes the behavior of a
material under a static or non-varying load while the cyclic stress-strain curve de-
scribes the behavior of a material under a cyclic load. Metals in general behave
differently under these two conditions. An example is shown in Figure 1.4. Although
these curves will vary from material to material, they all have some general charac-
teristics that most metals share.

Figure 1.5 shows a particular stress-strain curve in detail. For low values of stress
or strain the curve is linear with the proportionality constant being Young’s modulus
E. This region of the curve describes linear elastic deformation in which the defor-
mation disappears when the load is removed. Some materials deviate from linearity
when the stress is above the proportional ltimit. This region of the curve describes
nonlinear elastic deformation. Although the strain varies nonlinearly with respect to
the applied stress, the deformation still disappears when the load is removed. The
curve is basically retraced back to the origin as the material is unloaded. When the
applied stress is above the elastic limit, the material will experience a permanent

deformation that remains after the load is removed. For some materials it is hard
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Figure 1.4: Static and cyclic stress-strain curves for fictitious material.
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Figure 1.5: Detailed stress-strain curve for fictitious material.
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Figure 1.6: Loading and unloading stress-strain curve for fictitious material.

to distinguish between the proportional limit and the elastic limit since their values
are close to each other. Above the elastic limit the material will unload along a path
parallel to the elastic region offset from the origin as shown in Figure 1.6.

The elastic limit signifies the beginning of the yielding process. Microscopically,
the planes of atoms in the material begin to slip to new equilibrium positions which
results in permanent deformation. For some metals like iron, there is a point where
the stress-strain curve has zero slope. This point is called the yield stress after which
plastic deformation will occur. These metals also exhibit dips in their stress-strain
curves known as necking. Other metals like copper, which begin to show slip but do
not have zero slopes in their stress-strain curves or necking, have their yield stress
determined by drawing a line parallel to the elastic deformation region but offset by
an amount of 0.2 percent on the strain axis as shown in Figure 1.7. This point is
called the offset yield stress.

Most materials can be classified into two different groups depending on how they
behave in the plastic deformation regime. Most metals are termed ductile because
they show significant yielding evident in the amount of slip in the material under

test. Materials that are highly resistant to slip are termed brittle. The stress required



CHAPTER 1. INTRODUCTION 16

o Yield Stress

Stress

0.2% Strain

Figure 1.7: Stress-strain curve showing offset yield stress.

to cause slip in brittle materials is so high that the material simply fractures first.
The tensile stress required to cause fracture in either ductile or brittle materials,
defined by the separation of a block of material into two or more pieces, is denoted
the ultimate tensile strength or UTS or oprs.

As mentioned before, plastic deformation will occur when the applied stress ex-
ceeds the yield strength of the material. The material will no longer unload along
the original path in the stress-strain curve. The material will unload along a path
that is parallel to the elastic deformation region and is known as the unloading curve.
As shown in Figure 1.6, residual strain will be left in the material when the applied
stress is zero.

So far the discussion of the stress-strain curve only involved the use of tensile
stresses. Most of the points made above also apply to compression. However, there
is no general fracture point for compression. The material is more likely to buckle
before it fractures. By convention compressive stresses and strains are negative.

For most metals the monotonic stress-strain curve can be modeled using a power

function for stress as a function of plastic strain

o =K(e,)", (1.15)
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Figure 1.8: Monotonic stress-strain curve showing elastic and plastic strain

where K is the strength coefficient and n is the strain hardening exponent. By knowing
the stress at final fracture called the fracture strength, oy, and the strain at final
fracture called the fracture ductility, €, one can determine K using equation (1.15)

K="2L (1.16)
°f

The total strain can be expressed as (see Figure 1.8)

£t = ¢ + Ep. (1.17)

If we define the elastic strain as
(1.18)

e = )

S

then equation (1.17) can be expressed as

o o\1l/n
= — — . 1.19
=g (K) (1.19)

We stated previously that the static and cyclic stress-strain curves are usually

different (see Figure 1.4). This difference is due to the phenomenon known as strain
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hardening and strain softening. Some metals like copper experience strain hardening
where the metal gets stronger after a certain amount of cycles. The static stress-
strain curve will gradually change towards the cyclic stress-strain curve and eventually
stabilize there. For metals that strain-harden like fully-annealed OFE copper this
means that the stress necessary to induce a certain strain will be higher than a
previously unloaded sample. The opposite condition occurs for materials that strain-

soften. This phenomenon is important in the consideration of cyclic fatigue.

1.3.3 Cyeclic Fatigue

A large amount of information has been gathered on the area of cyclic fatigue of
metals. Only some of the relevant basics will be introduced here and can be found in
many references [3, 7, 22, 44, 53].

It is known that damage due to fatigue does not occur until the material un-
dergoes plastic deformation in which the applied stress exceeds the yield strength
of the material. When this condition occurs failure of metals due to cyclic fatigue is
characterized by three stages: cyclic hardening/softening, crack nucleation, and crack

propagation.

Cyclic Hardening/Softening

Cyclic hardening/softening or strain hardening/softening is the process by which the
static stress-strain curve of a material transforms and stabilizes to the cyclic stress-
strain curve. Usually cyclic hardening/softening only occurs during the first few
percent of the cycles to failure. For stress amplitudes larger than the yield strength,
the stress-strain history of the material follows a hysteresis loop in which a material
unloads along a different path from the static stress-strain curve (see Figure 1.6). To
establish the cyclic stress-strain curve, materials are tested at several different stress
amplitudes above the yield strength until a stable hysteresis loop is found for each
stress amplitude. The cyclic stress-strain curve is created by connecting the tips of
these hysteresis loops (see Figure 1.9).

Figure 1.10 shows one particular hysteresis loop in detail in which a material is
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cyclically loaded in tension and compression. The total stress range, Ao, is the total
height of the loop and the total strain range, Ae, is the total width of the loop. The

total strain is the sum of the elastic and plastic strain ranges as shown in Figure 1.10
Ae = Ag, + Ag,,. (1.20)

Using Hooke’s law, the elastic term can be replaced with Ac/E. If we define the
stress amplitude as 0 = Ao /2 and the strain amplitude as ¢ = Ae/2 then the cyclic
stress-strain curve may also be represented by a power law function similar to the

static stress-strain curve (see equation (1.19))

5:%+(%ym, (1.21)
where K’ is the cyclic strength coefficient and n' is the cyclic strain hardening expo-
nent. ¢ and ¢ are understood to be the cyclically stable stress and strain amplitudes
respectively.

The hysteresis loops may be found by doubling the cyclic stress-strain curve in
Figure 1.11(a) to get the curve in Figure 1.11(b) and finally shifting the origin of the
coordinates as in Figure 1.11(c). Multiplying equation (1.21) by 2 we get the general

hysteresis curve equation

A A 1/n’
A6:7§+2<ﬂ;> . (1.22)

Another important behavior of metals is known as the Bauschinger effect [5] shown
in Figure 1.12. If a material is loaded in tension beyond its yield strength for example,
then the material will undergo plastic strains in compression before the original yield
point in compression is reached. This behavior is common in metals that are cyclically

loaded in the plastic region.
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Figure 1.11: Stabilized hysteresis curve from cyclic stress-strain curve.
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Figure 1.12: Bauschinger effect

Crack Nucleation

This stage of the fatigue process is governed by the nucleation or initiation of cracks
in the metal. These cracks usually develop on the free surface of the material and
are most likely due to localized concentration of plastic strain or imperfections in the
lattice.

The lifetime of a material, defined as the number of cycles to failure, depends
largely upon the definition of failure. Some definitions of failure require cracks to
reach certain lengths. This failure occurs during the crack propagation stage. Other
definitions simply require a density of cracks to develop; this failure is largely governed
by the crack nucleation stage. Lifetime curves have been developed for many metals
under uniaxial loads for this type of failure.

Two common methods have been developed to characterize metal fatigue. One
method developed decades ago is known as the stress-life method. The stress-life
method is conducted by cyclically loading the material at a constant stress amplitude
and is useful when the plastic strains are small. Basically, the number of cycles
to failure is recorded for various stress amplitudes. Some metals, such as various

types of steels, also have endurance limits, stress levels below which materials can be
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loaded indefinitely without failure. Other metals like copper do not have an obvious
endurance limit. In this case endurance limits are defined at the stress amplitude
that will cause failure at 107 or 10® cycles.

Since it is known that plastic strains are responsible for the accumulation of dam-
age in a material, the strain-life method is usually used to characterize metal fatigue.
This method is performed by cyclically loading a material under constant total strain
or plastic strain amplitudes and recording the number of cycles to failure. Fatigue due
to pulsed heating is best described using the strain-life approach, since total strain is
proportional to temperature rise (see equations (1.11)).

High-cycle fatigue is the region of the strain-life curve where the plastic strains
are small and the number of cycles to failure is large. The results from the stress-
life method are usually in good agreement with the strain-life method in this region.
However, the strain-life method is better at characterizing materials in the region
of low-cycle fatigue where the plastic strains are large and the number of cycles to
failure are low.

In 1910, Basquin [4] observed that stress-life data could be parametrically modeled
as

o =0}(2Ny)", (1.23)

where o is stress amplitude, Ny is number of cycles to failure (2N, is number of
reversals to failure), O'} is the fatigue strength coefficient and b is the fatigue strength
ezponent. In the 1950s, Coffin [13] and Manson [36] independently observed that

plastic strain-life data could be parametrically modeled as
ep = €1(2Ny)", (1.24)

where ¢, is plastic strain amplitude, 6’f is the fatigue ductility coefficient and c is the
fatigue ductility exponent. Because of their work, the strain-life curve is also known
as the Manson-Coffin curve. Since the total strain is the sum of the elastic and plastic
strains (equation (1.17)), the strain-life method can be modeled using the strain-life
relation

/
i

e=4 (2Ny)" + € (2Ny)“. (1.25)
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Figure 1.13: Strain-life curve

A log-log plot of this relation along with the elastic and plastic components is shown

in Figure 1.13. From equations (1.21) and (1.25) we also get the following useful

relations
O_I
K'=—1_ (1.26a)
(e
b
n = -. (1.26Db)
c

For constant strain-amplitude loading, the fatigue of most ductile metals are char-
acterized well with power-law parameterizations given by equation (1.25). The pa-
rameters a}, s’f, b and ¢ have been experimentally determined for fully-annealed
copper (see Table 1.1). It is believed that fatigue of copper from pulsed heating can
also be parametrically modeled with equation (1.25), since a material is loaded under
constant total strain from constant temperature rises. However, the values of the
parameters may be different.

There are other effects such as surface finish, environment, mean stress, mean
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strain, variable amplitude loading, multiaxial fatigue and strain rate that may affect

the lifetime of the material.

Crack Propagation

Once cracks have nucleated, fracture mechanics must be used to describe their prop-
agation. Fracture mechanics is ultimately used to predict the number of cycles for
cracks to lengthen from an initial critical length to some arbitrary length defined as
failure for the specimen. This stage of the fatigue process needs to be studied if one
wants to predict the finite life of a component. The total lifetime of a specimen is the
number of cycles it takes for cracks to nucleate (found from the strain-life curve) plus
the number of cycles it takes for the cracks to reach a particular length. However,
since there is limited knowledge when the cracks will initiate and then propagate due
to pulsed heating, we will only consider the crack nucleation stage as defined by the

strain-life curve.

1.3.4 Thermal Fatigue Due to Pulsed Heating

Thermal fatigue is basically cyclic fatigue induced from cyclic thermal loads. This
type of fatigue, however, is usually complicated by effects such as creep where the
strain increases when a high temperature is held at a steady value for some period
of time. Fortunately, these effects do not occur from pulsed heating since the tem-
perature rises and falls on a fast time scale. Since the stress from pulsed heating is
induced by the mechanical constraint imposed by the inertia of the material, results
from Section 1.3.3 directly apply. However, the analysis becomes more complicated
when the temperature dependence of the thermal and mechanical properties of the
material is considered. It will be instructive to consider a simple step-by-step example
of the stress-strain response of a metal under pulsed heating [41].

We will use a block of material initially at a temperature of 0 K(see Figure 1.14).
The free surface of the metal will be heated with a fast high-power source. Since the
surface is free to expand into the vacuum, the normal stress at the surface can be

approximated as zero. We will assume that the transverse dimensions of the material
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Figure 1.14: Metal surface being heated with a fast high-power source [41].

are large enough such that the metal remains inertially confined during the heating
and cooling of the surface. This assumption implies that the total transverse strain

is zero. Using these assumptions and equations (1.11) and (1.12) we have

ON = E&7T = 0
op = —EaT (1.27)

1—v

_ 14v
EN = —17VCYT

where oy is normal stress, o is transverse stress, €y is normal strain and e, is total

transverse strain. Since the total transverse strain is zero, the transverse mechanical

strain 73, must be the opposite of the transverse thermal strain or
ETM = —aT. (128)

It is the mechanical strain that must be considered in the stress-strain response of the
metal. Equations (1.27) and (1.28) show that a positive temperature rise will result

in compressive stresses and mechanical strains.
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Figure 1.15: Linear-elastic/perfectly-plastic stress-strain diagram for pulsed heating
of metal surface [41].

For simplicity we will also use a linear-elastic/perfectly-plastic model for the stress-
strain response of the material. In this model the stress is constant at the yield stress
when the mechanical strain is above the yield strain (shown as point A in Figure 1.15).
Using equations (1.27) the temperature at which the yield stress, o, occurs is

(1 —v)oy

From equation (1.28) the yield strain is

(1.30)

Now we will consider the response of the material due to pulsed heating. Because
of our simplified model, we are ignoring cyclic-hardening and the Bauschinger effect.
The surface of the metal will be heated to a temperature rise of T,,,,, and then cooled
back down to zero. Refer to Figure 1.15 for the following discussion. If T}, < T,

the material will cycle along the line OA where point A represents the yield strain.
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No plastic strain will occur and hence no damage will occur. If T}, < T},q, < 27T,
the material will compress along line OA and plastic strain will accumulate along
the path AB during the heating of the surface. The surface will then cool down
along the path BC until the temperature rise and hence the mechanical strain is zero.
Notice residual stress is now left on the surface. At this temperature rise, subsequent
pulses will cycle along the line BC and no more plastic strain or damage will occur.
When T, > 2T, the material will follow the path OABDF during the heating of the
surface. When the surface cools down to 0 K, the material will follow the path FGE
where point G is also the yield stress. Since the temperature rise is not zero when
the material reaches point G, plastic deformation will occur along the path GE until
the mechanical strain is reduced to zero. Subsequent pulses will cause the material
to follow the path EDFGE since the yield strain is exceeded in both compression and
tension. Plastic strain and hence damage will be accumulated in every pulse until
failure occurs.

Comparing Figure 1.15 to Figure 1.10, one should notice that the hysteresis loop
from pulsed heating cycles about a mean compressive strain. Also, we assumed that
the material is still inertially confined when the temperature rise reduces to zero. Due
to heat diffusion, the metal surface will take much longer to cool down than to heat up.
The material may be able to expand and relieve the stress in that time. Ultimately,
this condition means the hysteresis loop will cycle about a mean compressive stress.
These factors may have an important effect on the lifetime of the material. More
detailed calculations of the thermal response of copper to pulsed heating is presented
in Chapter 3.



Chapter 2
Experimental Setup

As mentioned in the previous chapter, we must design an experiment to test the
surface of OFE copper for damage from thermal fatigue due to RF pulsed heating.
This chapter will describe the design of the experiment and the test structure. We
will discuss cold-test results of the test structure and the modifications used. Chapter

4 will describe the results of the high-power tests.

2.1 Cavity Design

Since we are interested in the RF performance of future accelerators, we chose to use
a simple resonant cavity constructed from OFE copper. It might be helpful to refer
to Appendix A for a review of resonant cavities.

There are a few requirements a test structure should have. The first requirement is
removable test pieces so future tests may be conducted at different temperature rises
as well as with different materials and surface preparations. Second, there should be
no perpendicular electric fields on the cavity surface in order to avoid RF breakdown.
Hence, we may isolate the effects of pulsed heating. Third, the cavity should be
designed to minimize the heating on the parts that cannot be simply replaced. This

allows several tests to be performed before the need to replace the entire cavity.

29
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Figure 2.1: Circularly cylindrical cavity of radius R and length d. The endcaps are
the test pieces and the sidewall is to be re-used in future tests.

2.1.1 Choice Of Cavity Mode

Noting the above design philosophy, we must choose an operating frequency and
mode for the cavity. In order to have removable test pieces, the surface currents in
the cavity must not require contact between the test piece and the rest of the cavity.
Also, there must be no perpendicular electric fields on the cavity surface. The only
geometry that allows this is a circular cylindrical geometry. One such cavity is shown
in Figure 2.1. The endcaps will be the test pieces of the experiment. The sidewall of
the cavity will be re-used in future tests.

Looking at equations (A.44), no TM modes can be used because of the nonzero E,
fields where Z is the axial direction of the cavity. In order for the endcaps to be easily
removable, we do not want the requirement of physical contact between the endcaps
and the sidewall. A good mode to accomplish this is the TEg;; mode (see Figure 2.2
for the mode pattern). From equations (A.34) the cavity fields for the TEq;; mode
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2R

Figure 2.2: Field pattern of the TEj;; mode in a circularly cylindrical cavity of radius
R and length d.

for a cavity of radius R and length d are

_ 4011 ... (T2 Ty T
H, = Appsin (_d ) Jo <—R ) , (2.1a)
oo TR TzZ\ o, [ T
H, = ATEda;{n cos (_d ) Jg ( R > : (2.1b)
E, = —Am @l g (”—2) J (Fur (2.1c)
¢ TE cry, d/)° d ]’ '

2 ¢ X
Al == n 2.1d
o md wor R? | Jo (2, )| (21d)

where the angular resonant frequency is

Wor = C\/<%>2 + (g)Q. (2.2)

The magnetic field at the endcaps is purely radial. Therefore the surface current

-

Js =n X H is purely azimuthal, so no current flows between the endcaps and the
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sidewall.

The electric field in the cavity is also azimuthal, so there is no perpendicular
electric field on any surface in the cavity. This helps avoid electric field breakdown.
However, the use of a coupling aperture will change this fact as it modifies the fields
near that region.

We need to choose a frequency where a high-power klystron is available for use. At
SLAC, there are 50 MW X-band klystrons available that operate at 11.424 GHz and
60 MW S-band klystrons that operate at 2.856 GHz. Looking ahead to Section 3.3.1,
we will derive the temperature rises of the endcaps and the sidewall knowing the
input power and unloaded and external Q’s of the cavity. These temperature rises
are given by equations (3.72-3.73). Assuming constant coupling (f is constant),
constant power and constant pulse length, the frequency scaling for temperature rise
according to equations (3.72-3.73) is

R.Q] R.Qfy, w' P! 3/2

AT x 57 X aps X g XwT (2.3)

where L is a characteristic length. Hence, for a given power input and pulse length,
it is best to use the highest frequency possible. So we will choose 11.424 GHz as the

cavity’s resonant frequency.

2.1.2 Choice Of Cavity Dimensions

Since we want to use the endcaps as the test surface and we want to re-use the
cavity sidewall, we need to choose the cavity dimensions such that the temperature
rise on the endcaps is maximum while being low on the sidewall. The strain in the
copper is proportional to temperature (see section 1.3.1). According to the strain-life
relation, equation (1.25), the number of cycles to failure follows a power law with
strain. Therefore, several high-power tests may be conducted with different endcaps
before the cavity sidewall becomes significantly damaged from pulsed heating.

Since we will optimize the dimensions of the cavity at the fixed frequency of
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11.424 GHz, the radius R of the cavity is a function of the cavity length d
Tp1
wo11 2 m 2 ‘
V) =)

The unloaded @ of the cavity depends on its dimensions. Using equations (A.73)
and (A.34) the unloaded Q for mode TE,,,, is

R= (2.4)

2

Qg = 207 ki (2.5)
e 462x;12m nprR 2 7w R2 2 n? ‘ ‘
3dR [H (i) ] () (- )
Hence the unloaded  for the TEy;; mode is
4, 5/2
dR*wy11 V210 1
Qo = 10220 1 e (2.6)
0 LdR+ (52)

We may use equation (3.72) to find the maximum temperature rise on the endcap
normalized to the input power by varying the cavity length d and the cavity’s external
quality factor, ().z¢. The location of the maximum temperature rise on the endcap
occurs at 7 = (x),/x;) R = 0.4805R. The location of the maximum temperature rise
on the sidewall occurs at z = d/2. The results are shown in Figure 2.3. This plot
indicates that the optimum cavity length is d = 1.85 cm and the optimum external
Q is Qezt = 16770. This corresponds to a cavity radius R = 2.27 cm.

Using the optimum value for external Q, Figure 2.4 shows the normalized heating
on the endcaps and the sidewall as a function of cavity length. At the optimum
cavity length, the ratio between the maximum temperature rise on the endcaps to
the maximum temperature rise on the sidewall is 2.11. At this length, the unloaded
Q of the cavity is Qg1 = 21280. Using this value of the unloaded QQ, Figure 2.5 shows
the variation of the normalized temperature rise on the endcaps as a function of the
coupling, f = Qo11/Qext- The optimum cavity coupling is f = 1.28.

During the initial design, the cavity dimensions were optimized without taking the

fill-time of the cavity into account (the bracket term in equation (3.72)). When leaving
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Figure 2.3: Temperature rise on cavity endcaps normalized to input power as a func-
tion of the cavity length d and the external quality factor, Q...
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Figure 2.4: Temperature rise on cavity endcaps and sidewall normalized to input
power as a function of cavity length d using Q).,; = 16770.
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Figure 2.5: Temperature rise on cavity endcaps normalized to input power as a func-
tion of the coupling 8 = Qo11/Qest calculated at cavity length 1.85 cm.

this term out, the optimum cavity length becomes d = 1.90 cm corresponding to a
cavity radius R = 2.21 cm. The cavity coupling was correctly optimized as a function
of # but with Q).,; = 17110 to account for the change in (Qy;;. At this cavity length
the temperature rise on the endcaps is reduced by only 0.4%. The ratio between the
maximum temperature rise on the endcaps to the maximum temperature rise on the
sidewall is reduced to 1.90. In a later section, we will show that the coupling aperture
reduces the resonant frequency, hence the cavity radius was reduced to compensate.

The theoretical values for Qg1 and Q.. given earlier assume a perfect cavity. In
reality, the surface finish of the cavity is not perfect and will cause more power loss in
the surface than previously estimated. Since the temperature rise in the cavity varies
slowly with small changes of # from the optimum value, it would be safe to assume
an approximate 10% degradation in Q of the constructed cavity. Table 2.1 shows the

final design parameters for the cavity.
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fres 11.424 GHz
d 1.90 ¢cm

R 2.2075 cm
Qo 21900
Estimated Qp 19710

Qext 15400

QL 8650

I} 1.28

R, 3.75 mm
d, 1.88 mm

Table 2.1: Cavity design parameters for TEq;; mode.

2.1.3 Choice Of Temperature Diagnostic

We are mainly interested in the damage on the copper surface that will occur due to
RF pulsed heating and its effects on the RF properties of the cavity. We believe a
method that will allow us to measure Q degradation as well as monitor the dynamic
RF changes in the cavity would best suit our needs. We also believe such a method
would be easier to implement than to measure the surface temperature directly (i.e.
infrared radiation). This can be done by exciting the cavity with another mode at
steady-state under low power.

In steady-state, the reflected power measured from the cavity in this mode would
be constant if no changes occurred to the RF properties of the cavity. However,
when the temperature of the cavity surface rises from pulsed heating from the high-
power mode, the unloaded @ of both modes will change. This change is due to the
temperature dependence of the electrical conductivity of copper. Consequently, the
coupling to the low-power mode will change which can be measured from its reflected
power. With knowledge of the field pattern of this mode, the maximum temperature
rise on the endcaps may be extracted from the dynamic QQ change. The details of how
the temperature is extracted is given in Section 3.3.3. Between high-power RF pulses,
the temperature rise of the surface of the copper will reduce to zero. By measuring
the Q of the low-power mode during this time, we may also measure long-term Q

degradation of the cavity to determine permanent damage to the cavity surface.
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Figure 2.6: Field pattern of the TEj;5 mode in a circularly cylindrical cavity of radius
R and length d.

A natural choice for the low-power mode is the TEq;2 mode (see Figure 2.6 for the
mode pattern). This mode has the same field pattern on the endcaps as the TEq;
mode, which is the surface we are interested in. Also, this mode does not require
physical contact between the endcaps and the sidewall. This is necessary in order to

accommodate the high-power TEy;; mode. The fields are

. 27z xhir
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Hr :A012 ! 01 2 b
TEd:r(nCOS<d>JO<R ) (2.7b)
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fres 17.820 GHz
Qo 21960
Estimated Qp 19760

Qext 19760

Qr, 9880

I5] 1.0

R. 2.85 mm
d, 1.034 mm

Table 2.2: Cavity design parameters for TEq;5 mode.

where the angular resonant frequency is

o= () 4 () 29

From equation (2.5) the unloaded Q of this mode is

dR' W2\ /2he0 1

2 z:
A2y LiR 4 (2’2
2 dwg,

Q012 =

(2.9)

Using the cavity dimensions given in Table 2.1, QQp12 = 21960 and the resonant
frequency is 17.820 GHz. With no high-power in the cavity, we would like the reflected
power from the TEg;5 mode to be zero for easy measurement. Thus we would like the
coupling to be 8 =1 or Qezr = Qo12 = 19760 where we have assumed an approximate
10% degradation in Q due to surface finish. Table 2.2 contains the design parameters
for the TEy;2 mode.

2.1.4 Input Couplers

The cavity will require input couplers to establish the two resonant modes. The use
of water-cooling will make coupling through the endcaps difficult. It is simpler to cut
circular apertures into the sidewall of the cavity and couple the power to the cavity

with waveguides.
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Figure 2.7: WR-90 waveguide with the dominant TE;y mode shown.

We will use the Kroll-Yu(KY)/Kroll-Lin(KL) methods [25, 26] to determine the
proper dimensions of the coupling apertures with computer simulation. The simula-
tion is performed in the frequency domain in which the cavity and the waveguide cou-
pler is modeled. The waveguide is shorted at a length D from the coupling aperture.
The length of the waveguide will modify the eigenfrequencies of the waveguide-loaded

cavity. The equation used to model a waveguide-loaded cavity is

tan [k(w)D + x(u) + X' (u)(w — u)] = —

. (2.10)
where £ is the guided wavenumber, w is the angular frequency of the waveguide-cavity
system, D is the distance from the shorting-plane of the waveguide to the coupling
aperture and y and ' parameterize the effect of distant cavity resonances. The
resonant frequency of the cavity is given by u and the external Q is Qs = u/(2v). By
varying the waveguide length D and computing the eigenfrequency w, the parameters
u, v, x and x’ can be determined with a nonlinear least-squares fit to equation (2.10).
Normally, only two to four separate simulations are needed to find ().,; using the
KL/KY methods; however, it is more accurate to fit equation (2.10) with several

data points because ().;; is high.

High-Power Coupler

At X-band frequencies, the standard rectangular waveguide to use is WR-90 whose

dimensions are shown in Figure 2.7. At these frequencies only the dominant TE;,
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Figure 2.8: Cavity-waveguide coupling configuration to excite the TEy;; mode for a
circularly cylindrical cavity of radius R and length d and waveguide width a.

mode propagates. We will couple to the TEy;; mode of the cavity using the magnetic
field. The maximum magnetic field along the cavity sidewall occurs in the middle
at z = d/2, so we will mount the waveguide there. Thus, the waveguide-cavity
configuration will be as shown in Figure 2.8. Notice that the width of the waveguide
is longer than the cavity length. Hence the cavity sidewall will be made longer than
necessary in order to mount the waveguide. The endcaps will be mounted on pistons
that will be inserted into the cavity to the correct length. The design of the endcaps
is discussed in Section 2.1.5.

For ease of machining we decided to use a circular aperture to couple the waveguide
to the cavity. The aperture is in the center of the waveguide cross-section as shown
in Figure 2.9. From Table 2.1, we need to determine the dimensions of the circular
aperture to give (Q.;; = 15400 or f = 1.28. A good starting point is to use the

estimate given in [15] for 8 for a waveguide-cavity system. The importance of Gao’s
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2R, b

Figure 2.9: Coupling aperture at the end of the waveguide. R, is the aperture radius,
a and b is the width and height of the waveguide respectively.

finding is that the coupling scales as

B o Rge—(47r/>\)da (A/(3~41Ra))2—1, (2.11)

where A is the RF wavelength, R, is the aperture radius and d, is the aperture
thickness. After using the initial estimate, we can use this scaling to change the
aperture dimensions to arrive at the desired coupling.

The cavity-waveguide structures were simulated with finite-difference time-domain
codes using rectangular coordinates. Hence, curved boundaries are difficult to simu-
late accurately. Initially MAFTA [16] was used to find the aperture dimensions for the
coupling. It was necessary to use manual control over the placement of the mesh lines.
In our attempts to accurately model the aperture geometry, not enough mesh lines
were used in the waveguide. Therefore, the scattering of the fields near the aperture
were not accurately computed. This resulted in errors for the coupling values when
the cavities were cold-tested. This will be described further in Section 2.1.7. After the
construction of the cavities, an improved meshing routine in GdfidL [10] allowed us to
more accurately compute the coupling between the waveguide and cavity. The results
from GdfidL compare favorably with the cold-test results. The aperture dimensions
for the high-power coupler are given in Table 2.1.

Due to the placement of the high-power coupler and the symmetry of the electric

and magnetic fields, it was only necessary to model 1/4 of the waveguide-loaded cavity
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as shown at the top of Figure 2.10. Notice that there is a groove at the outer radius of
the endcap. This groove is used to eliminate the degeneracy between the TEy;; mode
and the TM;;; mode. It will be discussed further in Section 2.1.5. A close-up of the
modelling of the coupling aperture is shown at the bottom of Figure 2.10. Figure 2.11
shows pictures of the electric and magnetic fields from a typical simulation run.
Many simulation runs were used at different waveguide lengths D to determine
the resonant frequency and the external Q. We used a mesh spacing of 0.3 mm. The
data were fit to equation (2.10). The result is shown in Figure 2.12. Although the
simulated resonant frequency is 11.430 GHz, the cavity is easily tunable by moving

the endcaps.

Diagnostic Coupler

We will excite the TEy;2 mode in a way similar to that of the high-power coupler.
However, we must pick a waveguide dimension such that 11.424 GHz does not prop-
agate along the waveguide. This is necessary in order to protect the diagnostic elec-
tronics from damage due to high power.

WR-42 has a width of 0.42 inches corresponding to a cutoff frequency of 14.051
GHz for the dominant TE;y mode. This waveguide will suit our needs. However,
we will also need a vacuum window for the diagnostic port. Vacuum windows for
WR-62 that operate around 18 GHz were made available to us. The cutoff frequency
for WR-62 is 9.518 GHz, so WR-42 must be used. Since the height of the waveguide
does not affect the cutoff frequency, we used a waveguide with the width of a WR-42
(0.42 inches) and the height of a WR-62 (0.311 inches). This allows us to taper the
width of the waveguide to WR-62 to allow the use of available vacuum windows.

The waveguide must be sufficiently long to attenuate the high power that will
leak into it from the TEy;; mode. We would like the maximum output power to
be approximately -50 dBm to put it about 20 dB below the minimum power level
measurable at the diagnostic frequency. Assuming that the maximum input power to
the cavity is 25 MW=104 dBm, we need an attenuation of 154 dB. Power in a cutoff
waveguide dissipates as

P = Pye%ossd (2.12)
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Figure 2.10: Geometry of high-power coupler modeled in GdfidL. Only 1/4 of the
waveguide-loaded cavity structure is needed because of symmetry. A close-up of the
high-power coupling aperture is on the bottom.
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Figure 2.11: The field pattern of the TEy;; mode modeled in GdfidL.. The electric
field is on the top and the magnetic field is on the bottom.
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Figure 2.12: Determination of resonant frequency and ()..; for the TEq;; mode from
equation (2.10) with a mesh spacing of 0.3 mm. Waveguide phase is k(w)D. The
aperture has a radius R, = 3.75 mm and thickness d, = 1.88 mm.

where P, is the input power. k£, is given by

Kioss = \/(2)2 - <@>2 (2.13)

where a is the width of the cutoff waveguide. In this case, kjpss = 171.45 Np/m =

1489.2 dB/m. Thus we need a waveguide length of approximately 10.4 cm.

In order to couple to the TEy > mode, we need to place the waveguide center at
the maximum of the magnetic field along the sidewall of the cavity. So we offset the
waveguide to 1/4 of the cavity length as shown in Figure 2.13.

As with the high-power coupler, our attempts to mesh the coupling aperture accu-
rately in MAFTA resulted in errors for the coupling value. Also it was not determined
until after the first high-power test that axial grooves on the endcaps affect the cou-
pling to the diagnostic mode. This is due to the proximity of the diagnostic coupling
aperture to one of the endcaps. The results from GdfidLi include the modeling of

the axial groove used for the second high-power test and agree with cold-tests as



CHAPTER 2. EXPERIMENTAL SETUP 46

{ [=

1
1

-’

——

™
i@ olie ol

e

~ ——

\

1
1
\—<¢ \->¢
— - 2R
1

Figure 2.13: Cavity-waveguide coupling configuration to excite the TEq;5 mode for a
circularly cylindrical cavity of radius R and length d and waveguide width a.
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described in section 2.1.7.

Due to symmetry, it was only necessary to model 1/2 of the cavity-waveguide
geometry as shown at the top of Figure 2.14. A close-up of the modelling of the
coupling aperture is shown at the bottom of Figure 2.14. Figure 2.15 shows pictures
of the electric and magnetic fields from a typical simulation run. Many simulation
runs were used at different waveguide lengths D to determine the resonant frequency
and the external Q. We used a mesh spacing of 0.31 mm. The data were fit to
equation (2.10). The result is shown in Figure 2.16.

2.1.5 Endcaps

The cavity endcaps are designed to be removable so other materials and other surface
preparations may be tested. Also, the endcaps are designed to be movable for cavity
tuning. These two considerations along with the necessity of water-cooling (discussed
in Section 2.1.6) lead us to the design shown in Figure 2.17. The endcaps are mounted
onto pistons that contain a bellows, a vacuum flange, a differential screw and water
pipes. The differential screw and the bellows allow for fine-adjustment of the cavity
length.

In order to mount the endcaps, they must be brazed onto the pistons for each
experiment. However, the bellows cannot be chemically cleaned because the small
space between each of the folds does not allow for the easy flow of liquid. Therefore,
the copper endcaps are mounted onto the stainless-steel pistons in a two-step process.

In the first step, the copper endcaps are brazed onto stainless-steel rings. This
stainless-steel ring of the assembly is then cut to the correct dimensions for proper
mounting onto the piston. In the second step, the endcap assembly is welded onto
the stainless-steel piston. After a high-power test, the copper endcap is removed
by cutting into the stainless-steel ring. Then the piston is re-machined to mount a
new copper endcap for the next high-power test. Table 2.3 shows the steps for the
assembly of the piston in detail.

In order to insert the endcaps into the cavity without mechanical problems, we

need a small gap between the outer radius of the endcaps and the inner radius of the
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Figure 2.14: Geometry of diagnostic coupler modeled in GdfidL. Only 1/2 of the
waveguide-loaded cavity structure is needed because of symmetry. A close-up of the

diagnostic aperture is on the bottom.
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Figure 2.15: Field pattern of the TEy2 mode modeled in GdfidL. The electric field
is on the top and magnetic field is on the bottom.
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Figure 2.16: Determination of resonant frequency and @)..; for the TEy» mode from
equation (2.10) with a mesh spacing of 0.31 mm. Waveguide phase is k(w)D. The
aperture has a radius R, = 2.85 mm and thickness d, = 1.034 mm.

STEP DESCRIPTION

SO W N+~

oo -

Cooling channel and grooves machined on copper endcap
Surface of copper endcap machined to class-16 finish
Copper endcap brazed to stainless-steel ring

Stainless-steel ring assembly machined to correct dimensions
Surface of copper endcap diamond fly-cut to mirror finish
Surface of copper endcap chemically-etched for

5 seconds for vacuum cleaning

Stainless-steel ring assembly welded to stainless-steel piston
RF spring gaskets placed in RF groove around
circumference of copper endcap

Piston assemblies inserted into cavities and placed under vacuum

Table 2.3: Piston assembly and copper endcap surface preparation.
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Figure 2.17: Assembly schematic of endcap and piston. 1. Copper endcap. 2. Part of
differential screw assembly. 5. Vacuum flange. 8. Cooling pipe mounts. 9. Bellows.
11. Spring gasket housing.

cavity. For the first design discussed in [47], this gap was also used to remove the
degeneracy between the TEy;; mode and the TM;;; mode. However, in that design
we allowed the gap to be too long and RF breakdown occurred along the length
of the piston as shown in Figure 2.18. From the pattern of the breakdown, it was
determined that a coaxial TE3; mode was excited along the length of the piston. The
average distance between the breakdown spots corresponded to a guided wavelength
consistent with 11.424 GHz. This is also consistent with the fact that the nearest
resonant mode that may be coupled from the high-power port is the TE3;; mode.
To remedy this problem, we machined two grooves along the outer radius of the
endcaps as shown in Figure 2.19. The groove on the face of the endcap is used to
remove the degeneracies between the TEy;; and TM;;; modes as well as between
the TEg;2 and TM;;5 modes. The smaller groove is used to house a gold-plated
stainless-steel spring gasket from BalSeal (see Figure 2.20). When compressed the
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Figure 2.18: Picture of RF breakdown along endcap piston due to TE3; coaxial mode.
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Figure 2.19: Close-up of endcap with grooves. Not to scale.
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Figure 2.20: Spring gasket from BalSeal. An RF short is created when force is applied
to the spring.
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Mode | Freq (GHz) | Freq (GHz) | AF(MHz) | AF(MHz) Q Q
MAFIA Nominal Nominal | Main Mode | Nominal | MAFIA
TEp;1 | 11.438015 11.438156 -0.1 0.0 21944 21920
TM;;; | 11.326234 11.438156 -111.9 -111.8 10760 7702
TMyp | 11.046129 11.100256 -54.1 -391.9 16296 12447
TMopy | 11.870313 11.931238 -60.9 432.3 16895 12582
TE3;1 | 11.975997 12.029013 -53.0 538.0 14052 11362
TEp2 | 17.819734 17.820028 -0.3 0.0 21905 21881
TEg; | 17.969457 18.030973 -61.5 149.7 14821 12588
TMy, | 18.007711 18.200385 -192.7 188.0 13573 8871
TMy2 | 17.625191 17.820028 -194.8 -194.5 13430 8764
TE315 | 18.033395 18.204921 -171.5 213.7 14866 9210
TMoyyy | 18.086097 18.193231 -107.1 266.4 16296 13705
TEpe1 | 17.092433 17.093202 -0.8 -727.3 34102 34066
TMpsp | 18.585457 18.704386 -118.9 765.7 21154 13090
TE312 | 16.961036 17.103876 -142.8 -858.7 15199 9438
TMio | 16.905671 17.093201 -187.5 -914.1 13153 8438

Table 2.4: 2D MAFIA simulation for endcaps with groove lengths of 0.99 mm. “Nomi-
nal” is the theoretical value without perturbations. Only modes that are within 1 GHz
of the resonant frequencies of the TEg;; or the TEq > modes are shown.

spring gasket becomes an RF short to stop coaxial modes from being excited along
the length of the piston. Also, stainless-steel rings were brazed onto the inner radius
of the cavity sidewall behind the spring gaskets to help damp any fields that may leak
through them.

The gap between the endcap and the cavity sidewall is designed to be 0.1 mm.
The spring gasket is estimated to contact the sidewall at approximately 0.4 mm away
from the edge of the endcap groove. The endcap groove was initially designed to be
1.0 mm in radius and 0.99 mm in length. However, cold-tests (see Section 2.1.7) have
shown that the TEg;2 mode was not sufficiently isolated from other modes. Also,
simulations from GdfidL after the first high-power test shows poor coupling to the
TEg12 mode using endcaps with 0.99 mm grooves. The proper groove length was
empirically determined to be 2.49 mm. Two-dimensional simulations of the cavity

using MAFTA with these two different groove lengths are given in Tables 2.4-2.5.
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Mode | Freq (GHz) | Freq (GHz) | AF(MHz) | AF(MHz) Q Q
MAFIA Nominal Nominal | Main Mode | Nominal | MAFIA

TEp1 | 11.437957 11.438156 -0.2 0.0 21944 21915
TMpy | 11.673101 11.931238 -258.1 235.1 16895 8002
TE3;; | 11.827942 12.029013 -201.1 390.0 14052 8675
TM;;; | 11.025434 11.438156 -412.7 -412.5 10760 5552
TMosp | 10.897198 11.100256 -203.1 -540.8 16296 9095
TEp2 | 17.819611 17.820028 -0.4 0.0 21905 21875
TEg; | 17.785366 18.030973 -245.6 -34.2 14821 9561
TMyyy | 17.733733 18.193231 -459.5 -85.9 16296 10179
TMpsp | 18.010282 18.704386 -694.1 190.7 21154 6604
TMyp | 17.338607 18.200385 -861.8 -481.0 13573 4835
TE312 | 17.158428 18.204921 -1046.5 -661.2 14866 3679
TEp | 17.092316 17.093202 -0.9 -727.3 34102 34054
TMy2 | 17.053051 17.820028 -767.0 -766.6 13430 7173

Table 2.5: 2D MAFIA simulation for endcaps with groove lengths of 2.49 mm. “Nomi-
nal” is the theoretical value without perturbations. Only modes that are within 1 GHz
of the resonant frequencies of the TEg;; or the TEy» modes are shown.

Of course, the coupling apertures were not taken into account in these simulations.

These two tables show only the modes that are within 1 GHz of the resonant
frequencies of the TEy;; or the TEy s modes. Notice that the degenerate modes
TMi1; and TM;j;5 are more than 100 MHz away from the desired modes. Also, since
the coupling to TM modes is weak due to the configuration of the waveguide couplers,
only TE modes should be carefully considered.

The closest mode to the TEy;; mode is the TE3;; mode. According to the tables,
the TE3;; mode is more than 300 MHz away and will not interfere with the desired
mode.

The tables also show that the TEg;; and the TE3;, modes are the two closest
TE modes that may interfere with the TEy» mode. Although the TEg;; appears to
be approximately 150 MHz higher for the endcaps with 0.99 mm groove lengths, the
high-power coupling aperture actually decreases the resonant frequency of the TEg;

mode. This will be shown in more detail in section 2.1.7. This fact was discovered

after the first high-power test. According to Table 2.5, the resonant frequency of
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the TEg;; mode is approximately 34 MHz lower than the resonant frequency of the
TEg;2 mode for the endcaps with 2.49 mm groove lengths. However, the high-power
coupling aperture lowers this frequency further and will eliminate the possibility of
interference with the TEg;2 mode. Also, the TE3y, is more than 600 MHz away.
Hence, no modes are likely to interfere with the TE(;> mode in this configuration.

A schematic of the full cavity assembly with the endcaps inserted is shown at
the top of Figure 2.21. For completeness a sideview of the cavity in which the high-
power coupler and the diagnostic coupler can both be seen is shown at the bottom of
Figure 2.21.

2.1.6 Water-Cooling

Although a high temperature rise is desired for a pulsed heating experiment, we must
remove the average heat that is applied to the cavity. This is necessary for a stable
resonant frequency. Otherwise, the cavity tune will constantly shift from thermal
expansion. In steady-state there is some power reflected from a cavity that is not
matched (f # 1). Taking account of this fact, the peak power dissipated in the cavity
walls is [43, p. 163]

4
Pdiss - B P, eak (214)

1+8)2 "
where Pp.q is the peak RE power input to the cavity and 3 is the coupling coefficient.

The total average power dissipated in the cavity walls is

4
OTBBVPpkapf,ep, (2.15)

P total —

where T}, is the pulse length of the RF and f,, is the repetition rate of the RF source.

The cavity is cooled by contact with a turbulent flow of water. The water carries
the heat away from the system as it is deposited by the RF source and places the
system in thermal equilibrium. It is desirable to place the water as close to the heated
surface as possible. In other words, the material we want to cool should be as thin
as possible to keep the average temperature rise in the material low.

For any cooling situation, the temperature of the water must remain below the
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Figure 2.21: Assembly schematic of cavity with endcaps. The sideview of the cavity
is shown on the bottom. 1. High-power port. 2. Endcap/Piston assembly. 3. Brace
for differential screw assembly. 4. Vacuum gasket. 5. Differential screw locknut. 6.
Differential screw. 15. Water-cooling pipes for cavity sidewall. All dimensions are in
inches.
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pw 1.0 g/cm?

Cow 4186 T /g K

v 1.006 x 1072 cm?/s
k, 595107 W/cm - K

Table 2.6: Parameters for water at room temperature.

boiling point. The average temperature rise of water from a known heat input is

ATw o P total

_ _ltotal 2.16
pwcp,wa ( )

where p,, is the density of water, ¢, ,, is the specific heat of water and @, is the flow
rate of water. Some parameters of water are given in Table 2.6. It is more convenient
to convert the flow rate to gallons per minute (gpm), since most commercial flow

equipment use this unit. Using Table 2.6 we have

ATw [K] o Ptotal [W]

©264.1Q[gpm]’ (2.17)

AT, must be less than approximately 70 K to keep the room-temperature water below
the boiling point.

The heat transfer coefficient A [W/(cm? - K)] is the parameter that characterizes
the amount of cooling available from the water flow. For turbulent water flowing in

a tube, h can be parameterized as [38, eq.(9-10b)]

h = 0.023%R60'8Pr0'33, (2.18a)
Re = dLV”, (2.18b)

Pr= %Zﬂ, (2.18¢)

dy = %’L, (2.18d)

where Re is the Reynold’s number, Pr is the Prandtl number, dj is the hydraulic
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Figure 2.22: Schematic of the spiral cut into the back of the endcaps. The spiral
becomes a rectangular tube of cross-section 0.125 inches by 0.25 inches.

diameter, v is the velocity of the water flow, v is the kinematic viscosity of water, k,,
is the thermal conductivity of water, A; is the cross-sectional area of the tube and
Ly, is the perimeter of the tube. Using the values in Table 2.6 we may write the heat

transfer coefficient as

v [cm/s]®

AW (em? - K] = 0,015 5

(2.19)
The velocity of the water in the tube is given by the flow rate divided by the cross-

sectional area. In our chosen units we get

63.09 Q[gpm]

T o (2.20)

vlem/s] =

Figures 2.17 and 2.22 show the design for the water-cooling of the endcaps. A
spiral is cut into the backs of the endcaps in order to keep the velocity of the water flow
constant. Had we allowed the water to simply flow radially outward from the center
of the endcap, the velocity of the water flow would decrease because of the increase
in the cross-sectional area. According to equation (2.19), h would also decrease and
the cooling would not be as effective.

Once the endcap is mated to the piston, the spiral becomes a long rectangular
tube with cross-section 0.125 inches by 0.25 inches. For a pressure drop of 60 psi, the
flow was measured to be 1.1 gpm. The flow parameters for the endcaps are given in
Table 2.7.
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d, 042cm
A, 0.20 cm?
AP 60 psi
Qw 1.1 gpm
v 340 cm/s

h 1.3 W/(cm? - K)

Table 2.7: Flow parameters for water-cooling of endcaps.

d, 0.36 cm
A,  0.16 cm?
AP 75 psi
Qw 0.75 gpm
v 290 cm/s

h 1.2 W/(cm? - K)
Table 2.8: Flow parameters for water-cooling of the cavity body.

Figures 2.21 and 2.23 show the design for the water-cooling of the cavity body.
The water flow splits and flows around the circumference of the cavity on both sides
of the high-power coupler. The flow is in a rectangular tube with cross-section 0.1

inches by 0.25 inches. The flow parameters for the cavity body are given in Table 2.8.

Since the geometry for the cooling of the endcaps and the sidewall is complicated,
it is necessary to solve for the temperature numerically. To simplify the problem,
we will approximate the cooling of the endcaps as azimuthally symmetric. This will
allow us to use two-dimensional finite element codes. The cooling for the sidewall is
already azimuthally symmetric.

First, we need to modify the heat-diffusion equation to take advantage of this

azimuthal symmetry. In steady-state, equation (3.9) becomes
V. (NT) —y, (2.21)

where we allow the thermal conductivity k£ to be spatially-dependent. 7' is the tem-

perature and ¢ is the heat per unit volume added to the system. In cylindrical
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Figure 2.23: Schematic of the cooling tubes around the circumference of the cavity
body. 4. Stainless-steel half-tube mated to a copper post to create a complete water
tube of cross-section 0.1 inches by 0.25 inches.
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coordinates this equation becomes

10 aoT 10 (koT 0 oT
3 (5r) 76 (rg) ~ 2 (15) = 22
Since the heating is azimuthally symmetric we let 97/0¢ = 0. The heating equation
finally becomes
0 or 0 or

If we let k' = kr, then equation (2.23) is a two-dimensional cartesian heat-diffusion
equation with a spatially-dependent thermal conductivity &’. Thus, we may solve
a rotationaly symmetric heating problem in steady-state using the two-dimensional
heat-diffusion equation in cartesian coordinates.

The general boundary condition from equation (3.13) is written as
rkii - VT| +rhiTls =rf; (7)), (2.24)

where i denotes the surface and h; is the heat transfer coefficient for surface . Basi-

cally, we use a two-dimensional code to solve for the heating by allowing
ki — kiT‘, hz — hiT, fz — fiT. (225)

For an isolated surface h; = 0 and f; = 0. For a water-cooled surface f; = 0. For a
heated surface, h; = 0 and f; = dP/dA where dP/dA is the heat flux.

For the cavity, the total power dissipated on the surface is
Ptotal — Pside + 2Pend7 (226)

where P4 is the power dissipated on the sidewall and P,,, is the power dissipated

on an endcap. The power dissipated on the sidewall is

1 d 1
Piige = 533/0 |H.(r = R)|” 2rRdz = 57erRsH§J§ (3,), (2.27)
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and the power dissipated on an endcap is

*R.RUT ()

2 .12 )
2d2x

1 R 2 271—
Popa = iRs |H,(z =0)|" 2rr dr = Hj (2.28)
0

where Hj is a field-strength constant to be determined. Substituting equations (2.27—
2.28) into equation (2.26) and solving for Hy gives

PO a
H2 = tlt ! — (2.29)
RT3 () |$mdR + 5 |
Hence the heat fluxes for the endcaps and the sidewall are
dP 1 1 2R?Piota (
| =SRIE(=0)f =3 Tt <x§r> . (2.30a)
end @ d? g (xp,) [Eﬂ'dR + ;%21]
dP 1 2 1 Ptotal .9 (T2
O iR H.(r=R)} = tloal (_) . 2.30b
dA side 2 | (r )| 2 %ﬂ'dR—i— 2—23]?;1 S d ( )
Zo1

The cavity endcap is modeled in Figure 2.24. Since the endcap is axisymmetric,
only half of the endcap is modeled. The heat flux is applied to the surface on the
right and the water boundary conditions are applied along the fins. We will assume
£ =1 to obtain an upper bound on the temperature rise. Using the parameters given
in Table 2.7 for Py = 10 MW, T}, = 1.5 ps and f,., = 60 Hz we get the average
temperature rise as shown in Figure 2.24. The maximum average temperature rise
is approximately 14 K and it occurs at the location of the maximum heat flux. The
temperature rise of the water is approximately 1 K.

The cavity sidewall is modeled in Figure 2.25. The stainless-steel half of the water
tube is not modeled since its thermal conductivity is much lower than copper’s. The
heat flux is applied to the bottom surface around the center. Using the parameters
given in Table 2.8 we get the average temperature rise as shown in Figure 2.25.
The maximum average temperature rise is also approximately 14 K and it occurs
at the location of the maximum heat flux. The temperature rise of the water is

approximately 1.5 K.
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Figure 2.24: Average temperature rise on the cavity endcaps for P, = 10 MW,
T, =1.5 ps and f,.p, = 60 Hz. All dimensions are in cm.
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Figure 2.25: Average temperature rise on the cavity sidewall for P, = 10 MW,
T, =1.5 ps and f,.p, = 60 Hz. All dimensions are in cm.
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If the cavity structure were completely made of the same material and the tem-
perature rise was equal at all points, then the expansion may be computed from only
the volume that contains the electromagnetic fields. When the length of the cavity
structure increases, the pistons are pulled back because they are connected to the
body. The pistons, however, will also expand the by same amount. The net increase
is due to only the cavity volume itself. However, the pistons are mostly contructed
from stainless-steel whose expansion is much less than copper’s. Therefore, we ex-
pect a larger decrease in the resonant frequency as the cavity sidewall expands from
heating. From equation (2.2) the sensitivity of the frequency to small changes in the

cavity dimensions is

0 0
% = —2.7 x 10° MHz/cm, a—g = —2.9 x 10> MHz/cm. (2.31)
If we assume the maximum temperature rise of 14 K to be equal across the length of

the cavity then the expansion would be

Ad = (1.67 x 107° K 1)(1.9 ¢cm) (14 K) = 0.4 um,

AR = (1.67 x 107> K71)(0.5 cm) (14 K) = 0.1 um,

where the cavity sidewall is approximately 0.5 cm thick. This corresponds to a total
decrease in frequency of approximately 1.5 MHz. Chapter 4 will show that the actual

decrease in frequency is higher by a factor of 3.

2.1.7 Cold-Test Results

Three complete cavities were constructed. Figure 2.26 shows a picture of one such
cavity with one of its endcaps sitting outside. The cavities are labeled from one to
three to distinguish them. The third cavity is not used in any high-power tests, since
there is a problem inserting the endcaps into the cavity. The spring gaskets used
to cutoff the coaxial modes were caught in the hole left over from the brazing of
stainless-steel rings in the cavity.

The first set of cold-tests were completed with endcaps that have 0.99 mm groove
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Figure 2.26: Cavity body with endcap shown on the outside. The water-cooling pipes
can be seen on the bottom of the cavity body.



CHAPTER 2. EXPERIMENTAL SETUP 67

O ISll (rlad)
N [l

|
w

|
N

1142 11422 11424 11.426 11.428 11.42 11.422 11424 11.426 11.428
Frequency (GHz) Frequency (GHz)

Figure 2.27: Magnitude and phase of the reflection coefficient for the TEy;; mode of
cavity 1.

CaVity ﬂ QL QOII Qext Qext,sim
1 1.65 | 7670 | 20350 | 12300 | 12830

2 1.69 | 7670 | 20600 | 12200 | 12830

Table 2.9: Measured parameters for the TEy;; mode of cavities 1 and 2.

lengths. The second set of cold-tests were completed with endcaps that have 2.49 mm

groove lengths.

First Set

Data for the TEy;; mode for cavities 1 and 2 were obtained with a HP8510C network
analyzer using a WR-90 calibration kit. The data for cavity 1 is shown in Figure 2.27.
Since the slope of the phase is negative, cavity 1 is over-coupled (see equation (A.143)).
Using the method presented in Section A.4.4, we can fit to the data to determine [,
@, and Qg for each cavity. The coupling mechanism for the TEy;; mode is lossless.
The results are given in Table 2.9. The data for cavity 2 is shown in Figure 2.28, and
the results are also given in Table 2.9.

Figures 2.29-2.30 show the data for the TEy;2 mode for cavities 1 and 2 respec-
tively.  Because of mode-leakage through the high-power coupler, we must treat

the system as a two-port cavity. However, notice there are nearby modes interfering
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Figure 2.28: Magnitude and phase of the reflection coefficient for the TEy;; mode of
cavity 2.

with the diagnostic mode. The coupling for this mode is quite poor. Because of this
problem, the diagnostic mode was not used for the first high-power test described in

Chapter 4. The next section will discuss how this problem was resolved.

Cold-test cavity

In order to study the problem with the diagnostic mode, we modified one of the first
set of cavities that were built. The modified cavity allowed us to use endcaps with
different groove lengths. Figure 2.31 shows a picture of the modified cavity. This
modified cavity has a thicker aperture for the high-power coupler (2.064 mm) but the
same aperture for the diagnostic coupler.

The cavity was modified such that when a flat circular plate is placed on each end
of the cavity there would be no axial grooves on the endcaps. In order to use different
groove lengths, we use copper endcaps with the specified grooves and copper spacer
rings to push the endcaps back an equal amount to recover the proper cavity length.
However, the frequencies are shifted higher due to the crushing of the spacer rings
when pressure is applied to the endcaps for proper placement. Since the strain is
approximately equal for all of the spacer rings, the longer rings will be crushed more
and consequently cause a higher shift in the cavity resonant frequencies.

Table 2.10 lists the results for the TEg;; mode. The external QQ’s are different
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Figure 2.29: S-parameters for the TEq;5 mode
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Figure 2.30: S-parameters for the TEq5, mode of cavity 2. Port 1 is the diagnostic

coupler, and port 2 is the high-power coupler.
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Figure 2.31: A picture of the modified cavity used to test endcaps with different

groove lengths. A vice grip is used to hold the endcaps in the cavity.

Groove Length (mm) | Frequency (GHz) | Q Qext | Qext.sim
0.0 11.42390 18750 | 15680 | 17030
0.99 11.45176 19070 | 15290 | 16400
2.49 11.48172 18870 | 14090 | 15220

Table 2.10: Measured parameters for the TEq;; mode of modified cavity. Coupling

aperture thickness d, = 2.064 mm.
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Figure 2.32: TE(;, and TEg;; modes with high-power coupling aperture taped. There
are no axial grooves on the endcaps.

from those listed in Table 2.9 because the coupling aperture is thicker. The simulated
results for the external Q’s are also given in Table 2.10.

As previously shown in Figures 2.29-2.30, measurement of the TEy;5 mode must be
treated as a two-port cavity due to leakage out the high-power coupling aperture. At
these frequencies, the TEy, rectangular waveguide mode would be cutoff in a WR-62
waveguide. After adding a 6-inch WR-62 waveguide to the high-power coupler, no
attenuation was measured in |Sy;|. Hence the leakage of power occurs as a TE;, mode
in the waveguide.

We may also cover the high-power coupling aperture from inside the cavity with
copper tape to remove its effect on the fields in the cavity. Figure 2.32 shows this
measurement, with the high-power coupling aperture taped and with no axial grooves
on the endcaps. Table 2.4 shows that the mode on the right is the TEg;; mode.
Table 2.11 gives the results of the Q measurements of the TEy;s mode when the
high-power coupling aperture is taped and with different axial groove lengths on the
endcaps. The axial groove lengths have a significant effect on )., for the TEg,
mode. The close proximity of one of the endcaps to the diagnostic coupling aperture

affects the scattering of the electromagnetic fields near the aperture.
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Groove Length (mm) | Frequency (GHz) | Qp Qext | Qext,sim
0.0 17.82745 12672 | 16480 | 12660
0.99 17.89800 3060 | 3470 3620
2.49 17.96370 14610 | 48520 | 52230

Table 2.11: Measured parameters for the TEq;5 mode of modified cavity with high-
power coupling aperture taped.

0.5

17.75 17.8 17.85 17.9
Frequency (GHz)

Figure 2.33: Reflection from the diagnostic port of TEy;» mode with no axial grooves
on endcaps and the copper tape removed from the high-power coupling aperture.

Using the measured resonant frequencies of the TEg;; and the TE(;52 modes, equa-
tions (2.2) and (2.8) will give the actual cavity radius and length to be R = 2.216 cm
and d = 1.879 cm. Using these values, the resonant frequency of the TEg;; mode is
predicted to be 17.980 GHz. This is in close agreement with the measured resonant
frequency of 17.9813 GHz.

Figure 2.33 shows the reflection from the diagnostic port when the copper tape is
removed from the high-power coupling aperture. There is obvious mode interference
with the TEp2 mode and most likely the TEg;; mode. The high-power coupling
aperture couples strongly to the TEg1; mode and causes a downwards frequency shift.

Using the Kroll-Yu method, GdfidL estimates this frequency shift to be approximately
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Figure 2.34: Reflection from diagnostic port of TEy, mode with 0.99 mm axial
grooves on the endcaps.

230 MHz, but the measured shift is close to 150 MHz.

Figure 2.34 shows the reflection from the diagnostic port of the TEy > mode with
0.99 mm axial groove lengths on the endcaps. There is still mode interference and
other parasitic modes exist. This picture is different from Figures 2.29-2.30 because
the high-power coupling aperture has a different thickness. It is not known what
causes the other parasitic modes to exist; however, it is quite clear that the TEgs
mode is unsuitable in this configuration.

Figure 2.35 shows the reflection from the diagnostic port of the TEg s mode
with 2.49 mm axial groove lengths on the endcaps. No parasitic modes exist within
+100 MHz of the TEp2 mode. A proper two-port measurement of the cavity using
the methods described in Section A.4.4 gives the results shown in Table 2.12. A com-
parison of this method with the one described in Section A.4.3 will be described in
Section 4.2.3. Notice that the external Q for the diagnostic port is lower as compared
to the external Q when the high-power coupling aperture is taped. The high-power
coupling aperture is large enough to affect the fields in the cavity and will change the

scattering of the fields near the diagnostic coupling aperture.
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Figure 2.35: Reflection from diagnostic port of TEy, mode with 2.49 mm axial
grooves on the endcaps.

Qp | 11450
Qo | 18920
Qel 31650
Qe2 | 347000

Table 2.12: Two-port measurement of TEg15 mode with 2.49 mm axial grooves on the
endcaps. (. is the external Q for the diagnostic port, and Q. is the external Q for
the high-power port.
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Figure 2.36: Magnitude and phase of the reflection coefficient for the TEy;; mode of
cavity 1 with 2.49 mm axial grooves on the endcaps.

fo 11.42529 GHz

Qo 17750
Qext 6850
B 259

Table 2.13: Cold-test results of TEy; mode for cavity 1 with 2.49 mm axial grooves
on the endcaps.

Second test

From the previous section, using endcaps with 2.49 mm axial grooves eliminates the
interference with other modes. This design for the endcaps was used for the next
high-power test.

Figure 2.36 shows the data for the TEy; mode in cavity 1. Table 2.13 lists the
results of the Q measurement of this mode. The Q’s of this mode are lower as
compared to the first cold-test presented in Table 2.9 because of the damage that
occurred to the high-power coupling aperture from RF breakdown in the first high-
power test.

Figure 2.37 shows the data for the TEj;5 mode. Table 2.14 lists the results of the
(Q measurement.

The slopes in the phases of the S;; and S, signals are due to the length of
waveguide attached to the cavity. Equations (A.161) represent a cavity with ports
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Figure 2.37: S-parameters for the TEj;5 mode of cavity 1 with 2.49 mm axial grooves
on the endcaps. Port 1 is the diagnostic coupler and port 2 is the high-power coupler.
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fo 17.85 GHz

Qo 20380
Qo1 28180
Qe2 144500
B 0.72

By 0.14

Table 2.14: Cold-test results of TEy 5 mode for cavity 1 with 2.49 mm axial grooves
on the endcaps.

that have zero length.

The asymmetry that occurs in Sy is due to transmission nulls from the interaction
with other modes [24]. The phase of the transmission is defined with respect to the
drive signal to the cavity. Using superposition of the modes in the cavity, the phase
is only uniquely defined between 0 ° and 180 °. For each mode, the phase of the
transmission, Sy;, undergoes a 180 ° phase shift when passing through the resonant
frequency. At frequencies between two modes, one mode is above resonance and
the other mode is below resonance. At a frequency in which the amplitude of the
transmission for each mode is equal, the phase shift is almost 180 ° and a transmission
null occurs. The interaction may be due to a mode that occurs several GHz away.
However, the higher mode could not be found within the calibration limit of the
network analyzer due to the TEyy cutoff limit in WR-62 waveguide at 19.04 GHz.

2.2 Klystron setup

Two different setups were used to conduct high-power tests with X-Band klystrons.
Each experimental setup is required to protect the klystron from reflected power. The
specifications require a maximum of 5 MW of reflected power back to the klystron

output.
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Figure 2.38: Schematic of the two-cavity setup for high power tests.

2.2.1 Two-cavity setup

In this particular setup, two cavities were connected to opposite sides of a magic-tee
with a high-power load attached to the fourth arm. A schematic of this setup is
shown in Figure 2.38. Due to the fill-time of the cavities, the reflected power will
vary over the RF pulse length. Having two identical cavities on opposite arms of a
magic-tee would ideally make the reflected power back to the klystron zero, since the
phase difference between the arms is 180 °. Since a high-power circulator does not
exist at X-Band, this setup provides the maximum power to a cavity. Also, this setup
allows us to test two sets of endcaps at the same time.

A picture of the setup that is to be attached to the klystron is shown in Figure 2.39.
Figure 2.40 shows a close-up of one of the cavities. Each cavity has an 8 L /s vacuum
pump-out port and a 55-dB directional coupler for measurements of the forward and
reflected power to and from the cavity. There is also a 2 L/s vacuum pump-out port
attached to the back of each cavity for pumping behind the spring gaskets of each
piston.

In order to successfully put power into each cavity and protect the klystron, the
resonant frequencies of each cavity must match. The differential screws were used
to make large changes to the cavity frequencies, but were incapable of making fine

adjustments due to backlash. Fine adjustments to the cavity frequencies were made



CHAPTER 2. EXPERIMENTAL SETUP 80

Figure 2.39: Picture of two-cavity setup with magic-tee, vacuum pump-out ports and
55-dB directional couplers attached.

by slight adjustments of the water flow to the endcaps. The flow to the cavity endcaps
was easily adjusted with electric flow controllers that were operated with a computer.
Hence, the cavities were matched in frequency under high-power due to thermal
expansion.

It is not possible to reach the desired power level in the cavity immediately due to
absorbed gases in copper. Normally the components are first placed under vacuum
then baked out at high temperature (at least 400 °C) for a few days to remove the
gases. However, the RF spring gaskets used to prevent the excitation of coaxial modes
along the pistons cannot be baked at such a high temperature. They may lose their
elastic properties causing their effectiveness as an RF short to deteriorate. Thus, the
cavity body and the magic-tee were baked out separately at high temperature because
they were new and were not handled in a clean environment. However, the endcaps
did not go through a high-temperature bake-out. Afterwards, the components were
assembled and attached to the klystron. After being placed under vacuum, the com-
ponents were baked with heater tape at 150 °C for 3 days. This procedure removes
some absorbed gas on the surface.

The klystron power level must be increased slowly as the high-power fields in the

cavity and other waveguide components pull more gas out of the surface. This is
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Figure 2.40: Close-up of one cavity of the two-cavity setup.
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known as power conditioning. There are interlocks to shutdown the klystron when
there is too much gas in the system. If this is not done, damage may result to the
components due to RF breakdown. Over time, the gas is slowly removed and the
power may be increased. As will be discussed in Chapter 4, RF breakdown at the
high-power coupling aperture limited the amount of power that could be put into the
cavity. At this point, gas is released violently and the cavity cannot be conditioned
any further in a reasonable amount of time.

Periodic measurements were made of the cavity Q’s by turning down the power
on the klystron and measuring the reflected power from each cavity. The power was
lowered so the Joule heating would not affect the cavity Q. The method described in
Section A.4.2 was used. Each cavity had to be measured separately since the cavities
are only matched in resonant frequency when the power input is high. However,
the results from these measurements were far from agreement with measurements
performed with a network analyzer. It was realized later that when the cavities are
not matched to each other when their properties are measured, inconsistencies in the
measurements will result. As a consequence, we decided to use only one cavity for

the next high-power test.

2.2.2 One-cavity setup

In order to eliminate the problem of tuning cavity frequencies with respect to each
other, we opted to use only one cavity in the next high-power test. This requires
throwing more power away, since we must use more power dividers to protect the
klystron from the reflected power from the cavity. Using two magic-tees as a 6-dB
directional coupler, we reduce the maximum possible reflected power to the klystron
by a factor of 16 down from its output power. A schematic of the setup is shown in
Figure 2.41.

For a 50 MW klystron, the maximum power delivered to the cavity, ignoring
losses in the waveguide, is 12.5 MW. Hence, the maximum reflected power back to
the klystron is 3.125 MW. Since the maximum input power to the cavity is limited to
8.5 MW to 10 MW due to RF breakdown at the coupling aperture, the loss of input



CHAPTER 2. EXPERIMENTAL SETUP 83

Load

\
>—O }u l — Load

_» Load

Klystron In —— |—/\

|
Load

Figure 2.41: Schematic of the one-cavity setup for high-power tests.

power is not a hindrance.

In this setup, none of the components received a new high-temperature bake-out.
Each component, except for the cavity pistons, received a high-temperature bake-out
in the past and were handled cleanly since that time. After the components were
assembled and attached to the klystron, the system was placed under vacuum and
baked with heater tape at 150 °C for 4 days. The system was conditioned under

high-power as described in the previous section.

2.3 Diagnostic setup

As discussed earlier, the diagnostic mode was fixed using a different groove length for
the endcaps. This fix was performed after the first high-power test with two cavities.
The diagnostic mode was used during the next high-power test with one cavity.
There are three items we want to measure in real-time: pulsed temperature rise,
cavity Q, and pulse count. We want to measure the change in the cavity  over time
and correlate it with the number of pulses at which the cavity surface is subjected to

a particular temperature rise.
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2.3.1 Measurement of Pulsed Temperature Rise and Cavity

Q

Pulsed temperature rise may be determined by measuring the change in cavity Q
during a high-power pulse. Since the electrical resistivity is a function of temperature,
the cavity Q will change when the cavity surface is heated. This means the coupling
to the diagnostic mode will change. By measuring the change in the amplitude and
phase of the reflected power from the diagnostic mode, we may indirectly determine
the temperature rise on the surface of the cavity. Section 3.3.3 discusses this in more
detail. A schematic of the setup to measure pulsed temperature rise and cavity Q is
shown in Figure 2.42.

A low-power RF source excites the diagnostic mode into steady-state. A circulator
is used to isolate the reflected signal from the input signal. Directional couplers with
crystal detectors are placed on either side of the circulator to measure forward and
reflected power. When the cavity is heated from a high-power pulse, the amplitude
and phase of the reflected signal will change. A quadrature mixer is used to measure
this signal. The oscilloscope measures the quadrature outputs, I and Q, from the
mixer. As discussed in Section 3.3.3, the change in the cavity’s resonant frequency
and Q may be determined from the reflected signal. The temperature rise is then
inferred.

Although the quadrature mixer can also measure reflected power, the crystal is
used to tune the cavity mode in real time. The output from the mixer has to be
added in quadrature after subtracting DC offsets in its outputs. Crystal detectors
only measure magnitudes. The cavity is tuned by measuring the steady-state reflected
power from the crystal detector. The frequency of the low-power source is varied until
the reflected power is a minimum, which occurs at the resonant frequency of the cavity
mode. Afterwards, a temperature rise measurement is taken with the quadrature
mixer. Typical sensitivities of the crystals used are between approximately 500 to
700 mV/mW. Also, the input power to the quadrature mixer must be kept below
-10 dBm to keep the phase imbalance between the I and Q outputs to a minimum,

approximately 1.5 °.
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A waveguide low-pass filter is placed at the input to the cavity to protect the
electronics from high-power harmonics from the klystron that may leak through the
diagnostic coupler. These harmonics are not cutoff in the WR-42 hybrid waveguide.
The forward and reflected high power from the cavity is also measured with crystal
detectors attached to 55-dB directional couplers with additional attenuation added.

Certain subtleties of the circuit in Figure 2.42 must be understood. The circulator
must have good isolation to prevent the forward power from interfering with the
measurement of the reflected power from the cavity. The isolation of this circulator
at 18 GHz is approximately 32 dB.

The steady-state reflection from the cavity with a coupling coefficient of § = 0.7
is 16 dB below the input power. With an additional insertion loss of 2 dB for the
circulator and directional coupler, the reflected signal will be approximately 14 dB
above the input power that is transmitted through the isolation of the circulator. Thus
this signal is easily measured and does not cause great error in the determination of
the coupling coefficient of the cavity.

For the measurement of pulsed heating, )y of the cavity will fall and £ will
increase. This will result in a greater mismatch with more reflected power from the
cavity. Thus, the steady-state reflection from the cavity when it is not heated from
high power represents the lower limit of the power that may be measured. Due to the
high isolation of the circulator, the forward power does not add appreciative error to
the measurement of pulsed heating.

We would also like to know the cavity Q when the surface temperature rise is
zero. This will allow us to determine the amount of  degradation that will occur
over time. An RF switch is used to allow the stored energy to drain from the cavity.
The switch is triggered between high-power RF pulses. For f,., = 60 Hz, the switch
would be triggered at 8.3 ms after an RF pulse. Since the temperature rise goes to
zero on the order of 10’s of ps(see Section 3.3.1), this will give us the amount of Q
degradation over time. Also, by pre-triggering the oscilloscope with respect to the RF
switch, the coupling coefficient of the cavity mode may be determined by measuring
the steady-state reflected power as shown in Figure 2.43. These measurements are

discussed in more detail in Chapter 4.
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Figure 2.43: Example of reflected waveform from the cavity when the RF switch is
opened. The spike occurs when the switch is opened.

2.3.2 Measurement of Pulse Count

We need an accurate count of the number of pulses applied to the cavity to determine
the lifetime of the material at a particular temperature rise. We may measure pulse
count easily with an 8-channel event counter.

We use the forward power port of the 55-dB directional coupler and digitize the
square waveform. The height of the waveform is then binned into one of eight chan-
nels depending on a chosen reference voltage. This information is then passed to
an 8-channel event counter. A computer periodically reads the event counter and
stores the pulse count. Hence, the pulse counts may be stored at different power
levels to distinguish between pulses at different temperature rises. Also, each time
a temperature rise and () measurement is taken, the pulse count is recorded. This
allows us to correlate Q-degradation with the number of pulses applied at a particular

temperature rise.



Chapter 3
Theory

As mentioned in Chapter 1, pulsed heating will induce stress on a metal surface. This
stress can be evaluated using the thermoelasticity equations discussed further in later
sections. The purpose of this chapter is to evaluate the temperature rise and stress
induced by RF pulsed heating on the test device described in Chapter 2. Solutions to
various simplified models of the test device will be discussed in detail. The dynamic
electrical response of the test device will also be discussed, and, more specifically, how

it applies to the measurement of the pulsed temperature rise on the metal surface.

3.1 Thermoelasticity

Usually problems of heat conduction and elasticity are solved assuming that they are
uncoupled phenomena. However, when the storage of elastic energy is considered in
irreversible thermodynamics [8] a coupling term arises in the familiar heat conduction
equation

or Oe
VT + g = pec—— + + 2p)ady—
k g=pce—o, (BA + 2pu)aTy .

where A and p are the Lamé constants, e = £, + €,y + €,, is the dilatation, and Tj

(3.1)

is the ambient temperature in Kelvin. See Section 1.1 for the definition of the other
symbols. The last term on the right of equation (3.1) is the term that couples heat

diffusion to the elasticity equations. This coupling term arises from the fact that

88
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some of the energy from the work done on the system to induce mechanical strain is
dissipated as heat. Equation (3.1) along with equations (1.8-1.11) are known as the
thermoelasticity equations.

The thermoelasticity equations were derived using linearization which assumes
that not only are the strains small such that the system remains elastic but also
the temperature rise AT = T — T} is small compared to the ambient temperature,
AT < Ty. Although the temperature rises in the pulsed heating experiment will not
satisfy this requirement, the approximation will be good for the temperature ranges
in which the system is elastic. When the stress induced by pulsed heating exceeds
the yield strength of the material, then the equations of plasticity must be considered
instead of the thermoelasticity equations. The theory of plasticity will be considered
in more detail in later sections.

It is desirable to remove the coupling term from the heat diffusion equation in order
to simplify the solutions. Once the coupling term is removed then the temperature
may be found independently of the elasticity equations. The temperature becomes
a known function and the stresses in the system may be found by substituting the
temperature into the elasticity equations.

The strength of the coupling term can be approximated by considering the amount
of energy used in creating strain that is dissipated as heat [9]. Consider the expansion
of a long metal rod due to heating and ignore lateral contractions. The thermal energy

density input through heat is
Authermal = pCsAT- (32)

Using Hooke’s Law, 0 = Fe, the work per unit volume necessary to compress the rod

back to its original length from an expansion of ¢ = aAT is

1 1
Auelastic = 50’6 = §EOC2AT2 (33)
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The ratio of these two energies is

AU'elastic o Eo?AT

= 3.4
Authermal 2005 ( )

For OFE copper heated to AT = 100 K, using the values given in Table 1.1, this
ratio is 5.0 x 10™* . This ratio is an upperbound on the energy dissipated as heat
from the work done on the rod. The low value of this ratio demonstrates that the
heat created from mechanical strain is much smaller than the heat input to create a
moderate temperature rise. Thus, the coupling between the thermal system and the
mechanical system is weak and may be safely ignored in a pulsed heating calculation.

To reinforce the physical argument given above, we will look at the coupling term
in the heat diffusion equation more closely. Following the treatment given in [8, pp.

42-43], equation (3.1) may be written as

ar A+ 2u de/ot
2 — JR—
WV g = pesy [1+5<3)\+2u> (a@T/@t)]’ (8:5)
where (3\ + 20)207T)
+ M) "Ly
0= e? (3.6)

and v? = (XA + 2u)/p. The term proportional to ¢ is the coupling term, and it is

negligible compared to unity if

1 9e/ot 1 (A+2u/3
3adT/ot 0\ A+2u )

(3.7)

Using the values in Table 1.1 for OFE copper at a temperature of Ty = 300 K,

d = 0.018. Using this value of § in equation (3.7) we arrive at the condition

1 Oe/ot
3a 0T /0t

< 37, (3.8)

for OFE copper. If there are no sharp variations or discontinuities in the time history
of the temperature distribution then we intuitively expect that the time rate of change

of the dilatation is of the same order of magnitude as that of the temperature. If
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this assumption is correct then equation (3.8) shows that the coupling term in the
heat diffusion equation may be ignored. When the coupling term in equation (3.1) is
ignored, the determination of stress is known as the theory of thermal stresses. The
mechanical response of copper to RF pulsed heating falls under this condition and
will be discussed in more detail in later sections.

In the sections to follow, the temperature distribution for the test device described
in Chapter 2 will be solved first. It will also be shown how this information will be
used to determine the measurable change in the electrical properties of the test device.
Knowing the time history of the temperature distribution, the mechanical response

of the test device will be solved and discussed afterwards.

3.2 Heat Conduction

The heat conduction equation for a homogeneous isotropic body will be restated here

for convenience
2 — 1 — .
VT (7, t) + 79 (7 t) = ———=—"+ in volume V, (3.9)

where the thermal conductivity k and the thermal diffusivity g = k/pc. are constant.

The initial temperature distribution is given by
T (7,0) = F (7). (3.10)

The boundary conditions for equation (3.9) can be stated in three different forms.

The first kind of boundary condition is a prescribed temperature at boundary S;,
T (5, t) = fi (75, 1), (3.11)

where 7; are the coordinates of surface S;. The second kind of boundary condition is

a prescribed heat flux on the surface,

kin;- VT| = f; (Ti,1), (3.12)
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where n; is an outward pointing normal from surface S; and k; is the thermal con-

ductivity at the surface. The third kind is a convective boundary condition,
ki - VT| + Tz = fi (73, 1) (3.13)

where h; is the heat transfer coefficient for surface S;. This boundary condition
is usually used for situations where liquid or gas is flowing across a surface and
fi = h;T, where T, is the ambient temperature. h; can be a function of position 77;.
The boundary conditions are most often written in the general form of equation (3.13)
where the other types of boundary conditions are retrieved by setting k; = 0 or k£ and
h; =0 or h.

There are many methods available to evaluate the solution to equations (3.9-
3.13) such as separation of variables, Fourier transforms and Laplace transforms.
We will use the method of the Green’s function throughout this chapter to solve
heat conduction problems. This method reduces the partial differential equation to
integrals which are easily evaluated numerically. This type of reduction is well-suited
for temperature calculations of the conducting walls in resonant cavities due to RF

power dissipation at the surface.

3.2.1 Green’s Function Solutions

The general solution of equations (3.9-3.13) using Green’s functions can be split into
three terms [6]
T (7, t) =Tiy (7, ) + Ty (7, 1) + T (7, 1) - (3.14)

The first term is due to the initial conditions,

T, (F,t):/G(F,t|F’,t’:0)F(F’) v’ (3.15)
14
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where G (7, t|7,t') is the Green’s function. The second term is due to the volumetric

energy source,

t
T, (7.t) = / /V S4G (7,17 ) g (7, ) V" (3.16)
t'=0

The third term is due to the boundary conditions and has two different parts,

t £
The (7, 1) = —ay / > / fi (i) alh - VG

S ! . f’L (F;J t,) G — —/ ! ! ! . .
= Qd Z [ (7, t|75,t') ds; dt (second or third kind),
t'=0 i=1 Sl 7

=1

 dspdt’ (first kind)  (3.17a)

(3.17b)

where we must include all real physical boundaries. In general, 0 < s < 6. Boundary
conditions at * — Zoo for semi-infinite or infinite bodies are not included. For
example, a one-dimensional semi-infinite slab will have s = 1.

The Green’s function G (7, t|i”,t') is found from the following equation

1 1 0G
VG + —5(F—7Fo(t—t)= —— t>t 3.18
F 0 (P —t) = - , (318)
with initial condition
G (7 t|F',t') =0 t<t, (3.19)
and boundary conditions
kil - VG| +hGlr =0  t>1. (3.20)

The Green’s function for the heat conduction equation is due to a point source located
at position 7’ and turned on for one instant of time #'. The body is considered to
be under homogeneous boundary conditions and zero initial condition. Because of
causality, there is no response for times ¢ < ¢'.

The power of the Green’s function method lies with the fact that once G is found

for a particular geometry for all homogeneous boundary conditions and zero initial
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condition, then the temperature 7" may be found for any arbitrary source, boundary
condition and initial condition for that geometry by integration (equations (3.14-
3.17)). The differential equation (3.9) does not need to be solved again for different
sources, boundary conditions or initial conditions. Although we must resort to other
methods to solve for the Green’s function, they are, fortunately, well-tabulated for
common geometries [6, pp. 431-510]. More than one form of Green’s functions may
exist for a particular geometry and boundary condition to make calculations more
convenient for short or long times and for steady-state solutions. Which Green’s
function to be used will depend on the particular problem being solved.

The Green’s functions used in this chapter were derived assuming the specific
heat and thermal conductivity are constant. It will be shown later that ignoring the
temperature dependence of these parameters over the temperature range of interest
introduces less than 2% relative error. However, the source term g (7, t) is allowed to
be temperature-dependent. This is necessary for an accurate calculation of tempera-

ture rise due to pulsed heating of copper.

3.2.2 1D Solution For Semi-Infinite Body

In anticipation of further results, we will consider a one-dimensional semi-infinite body
subject to RF power dissipation at its surface due to a surface magnetic field (see
Figure 3.1). We know that the power dissipated per unit area into a lossy conductor

by a magnetic field tangential to the surface is given by [20, p. 339]

P
dA|

2

1
= §Rs |Hy|”, (3.21)

where R is the surface resistance given by equation (A.71). We also know from
section A.3.1 that the tangential magnetic field decays into the conductor as e /%
where ¢ is the skin-depth given by equation (A.68). Since the power dissipated in the
z-direction must be normalized to one, the power dissipated per unit volume is

_ dP(z,t) dP(t)2

_ _ Ze22/0 > (). 22
90 =~ = A 5 ©20 (322)
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dP/dA —-\

Figure 3.1: A one-dimensional semi-inifinite slab in the z-direction with power per
unit area being dissipated at the surface due to a magnetic field.

This heating problem is described by the following equation

0*T(z,1) N g(z,t) 1 0T(2,t)

= — 0<z2< 3.23
072 k ag Ot =550 ( )
with initial and boundary conditions given by
T(z,t =0) =Ty, (3.24a)
ar
— =0. 3.24b
07 |,_, ( )

The Green’s function for a semi-infinite slab with the boundary condition of a pre-

scribed heat flux at the surface is [6, eq. X20.1]
(z 4 2)°
40!d (t - t') .

G (z,t],2',t") = ! exp
47TOéd (t - t')
(3.25)

Substituting equations (3.22, 3.24 and 3.25) into equations (3.14-3.17) and using the
known integral [6, eq. X20.4]

(=)’

Cdag (t—t)

+ exp

/ G (2,47, ¢) d =1, (3.26)
0
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the temperature at all points z in the conductor is found to be
ay t o]
T(zt) = Ty + —/ / (2 ) G (2,4 ¢) de' dt
[[ararO1 Ly (-2
o\ /7rad dA ¢ «/t — t’ 0
S 2 "2
e |- B _ ) L
40!d (t — tl) 40éd (t — tl)

(3.27)
For performing the integration over z’ we will make use of [17, eq. 3.322.2]

/uoo exp <_E — ’YfU) dx = /7B ™ erfe (7\/B+ %) ) (3:28)

+ exp

and [17, eq. 3.323.2]

0 2
/ exp (—p*2” £ qx) dz = exp < d ) i p>0, (3.29)

0 4p? ) p

where erfc(x) is the complementary error function given by

exfe(z) = — / (3.30)

By making a change of variables in equation (3.27) and using the above integrals with
the identity
2 — erfe(z) = erfe(—x), (3.31)
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the temperature in the conductor is found to be

1 [ dP()1 dag (t =1
T(z,t) :To—i-pT/O dt’ dé )gexp [%]

. {6_22/661‘&3 [%, /oy (t — tl) _ ;] (332)

2 Qq (t - t')

2 z
+€2Z/6erfC = ag (t—1t + .
[5 at=#)+3 ad(t—t’)]}

This integral must be evaluated numerically.

A numerical example would prove valuable for understanding the basic process
of heat diffusion due to pulsed heating. Let us assume a constant pulse of power is
dissipated into the conductor due to a source resonating at a frequency of 11.424 GHz
for a time ¢,

dP(t) |95 0<t<t,

T (3.33)

0 t>t,

Using the value given in Table 1.1 for electrical conductivity of pure copper, the skin-
depth at this frequency is 6 = 0.62 um. Figure 3.2 is a plot of the temperature rise
AT = T(z,t)—Tp normalized to the surface temperature at ¢t = 1.0 us in the conductor
at various times for a pulse length of ¢, = 1.0 us. The value of the thermal constants
were taken from Table 1.1. Notice that at all times the maximum temperature rise
occurs on the surface.

One notable characteristic of heat diffusion is the diffusion length defined by the
length D = \/ag4t, over which the effect of the source decays on the order of 1/e at
time ¢, (see equation (3.25)). It is analagous to the rms width of a gaussian curve. In
the example worked out above, D = 10.8 um, which is an order of magnitude larger
than the skin-depth. This suggests that for a sufficiently long pulse, the decay of the
surface magnetic field into the conductor has little effect on the temperature rise. In
this regime the temperature rise is dominated by diffusion. We may let 6 — 0 with
little loss of accuracy to simplify the calculation.

Let us look at the difference in surface temperature for the above example with
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Figure 3.2: The temperature rise at various times in the conductor normalized to the
surface temperature at t=1.0 us. The source is on for 1.0 us.

the assumption § — 0. On the surface, z = 0, equation (3.32) becomes

[4% (t—1)

T(z = 0,1) = —/dt i 5 a ]erfc E ad(t—t’)}. (3.34)

If we use the approximation [1, eq. 7.1.23]

erfe(z) ~ 5 x> 1, (3.35)

1
Jraer
then the temperature on the surface is approximately

1 Lodt dP ()
|6~>0 =To+
pee/Tag Jo Jt—t dA

T(z=0,t) (3.36)
This is the same result as the 1D semi-infinite case with a prescribed surface heat

flux

8_T
0z |,_,

_dP()
== (3.37)

and zero volume energy generation, g(z,t) = 0. For a constant power input of length ¢



CHAPTER 3. THEORY 99

J AT/(dP/dA) Relative Error
(wm) | (<105 K/ (W/m?) | (%)
0.0 3.0350 0.00
0.62 2.9589 2.57
1.0 2.9135 4.17
2.0 2.7986 8.45
5.0 2.4910 21.8
10.0 2.0868 45.4
20.0 1.5562 95.0

Table 3.1: Normalized temperature rise at the surface for various skin-depths com-
pared to no skin-depth. Diffusion length is 10.8 pum.

the surface temperature is simply

dP 2/t
Tz=0,t) =Ty + —————. 3.38
=00 =T+ i Jraa (3.38)
If the power dissipation is due to a constant surface magnetic field
dP 1 2
71 ] H ) .
o1 = ol (3.39)

then we arrive at equation (1.4).

Table 3.1 compares the solutions from equations (3.32) and (3.36) for various
values of ¢ with a constant power input of time ¢, = 1.0 us as before. Intuitively,
the calculated temperature rise with a finite skin-depth will be lower than with no
skin-depth since the power is dissipated over a finite volume. The table shows that
the error due to ignoring the skin-depth is 2.6%. If the copper material were at an
ambient temperature of 800 K, then the electrical conductivity would be 1.9 x 107 S.
This corresponds to a skin-depth of 1.1 um resulting in less than 5% error in the cal-
culation of the surface temperature rise. By ignoring the skin-depth, the calculation
of temperature rise due to pulsed heating is simplified when we allow the prescribed
surface heat flux to be temperature-dependent.

In the temperature range of interest (A7 < 500K), we have shown that the varia-

tion of skin-depth due to temperature introduces less than 5% error in the calculation
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T Cp k Qg AT/(dP/dA)
(K) | (J/kg'K) | (W/m-K) | (x107™* m?/s) | (x107% K/(W/m?))
300 385.2 401 1.163 3.035
350 392.6 396 1.127 3.025
400 398.6 393 1.102 3.013
500 407.7 386 1.058 3.007
600 416.7 379 1.016 3.002

Table 3.2: Thermal data of pure copper for various temperatures with the corre-
sponding surface temperature rise for a constant power input for time ¢ = 1.0 ps.

of temperature rise. This is an upper bound on the error since a more accurate calcula-
tion would take account of the temperature dependence of the electrical conductivity.
Before we conjecture that equation (3.36) should be used to calculate the temperature
rise of the cavity described in Chapter 2, we should also investigate the error due to
ignoring the temperature dependence of the thermal parameters.

Table 3.2 contains values of the thermal parameters of pure copper for various
temperatures [31]. Although the specific heat at constant strain, c., is best approx-
imated with the specific heat at constant volume, ¢,, data is more easily obtained
for the specific heat at constant pressure, c,. For temperatures larger than room
temperature, the difference between these two values is less than 1% [54, p. 23].

Table 3.2 also shows the normalized temperature rises calculated from equa-
tion (3.38) for a constant power input of ¢ = 1.0 us. At an ambient temperature
of 600 K, the error in ignoring the temperature dependence of the thermal param-
eters is 1.1%. This error is also an upper bound since the calculation assumes the
thermal parameters are held constant at their values.

In conclusion, for the temperature range of interest to pulsed heating, we may
ignore the temperature dependence of the thermal parameters. We may also ignore
the effect of the skin-depth for sufficiently long pulses. We have also shown that the
temperature rise is maximum on the surface for a prescribed surface heat flux. In the
next section, we will demonstrate that for short times the effect of diffusion in lateral
directions for two or three dimensions is negligible. Once this fact is shown, then

equation (3.36) may be used to calculate the surface temperature rise at all points in
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the cavity due to pulsed heating. This is an important simplification when we allow
the prescribed heat flux to vary with temperature since the electrical conductivity

will vary significantly over the temperature range of interest.

3.2.3 Heat Conduction in Two Dimensions

In this section, the geometry of the test cavity described in Chapter 2 will be taken
into account when calculating the temperature rise on the surface due to pulsed
heating. We will demonstrate that for short times every point on the surface of the
cavity behaves like a one-dimensional semi-infinite slab. We will consider the endcaps

and the cylindrical sidewall separately.

Cavity Endcaps

If we are only interested in the temperature at the surface, then for short times we
may treat a piece of metal with sufficient thickness as a semi-infinite slab. For the
times we are interested in, the example provided in the previous section may be used
for guidance. In that particular case, the source is on for ¢ = 1.0 us corresponding
to a diffusion length of D = 10.8 um. By referring to Figure 3.2, we see that even
at t = 10.0 us the temperature rise at a distance of 100 um into the conductor is
negligible. We may safely conclude that a piece of metal with a thickness an order
of magnitude larger than this distance for the time scale we are interested in can be
treated as a semi-infinite slab. The cavity endcaps have a solid thickness of 3 mm
before the cooling channels on the back are reached, so their approximation as semi-
infinite slabs is a good one.

Since the cavity of radius R and length d is operated in the TEj;; mode, the
surface magnetic field on the endcaps at z = 0 and z = d is purely radial (see

equations (A.34))

TR T
)| = ATEEJI (%) |hon |, (3.40)

where Arp is given by equation (A.36) and hgy; is the expansion coefficient for the
magnetic field in the cavity for mode TEg;;. We used the identity Jj(z) = —J;(x)

and x1; is the first zero of J;. To reduce the clutter, we will define a constant C; such
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that

H)| =y (‘TET) . (3.41)

To determine the temperature rise on the endcaps, we will only look at the endcap
located at z = 0. The heating of the endcap at z = d will be identical.

The calculation of the temperature rise is set up as follows:

2
16<8T> oT _ 10T 0<r<R, 0<z<oo, (3.42)

ror TW ﬁ_a_dg

where z is now the distance into the conductor. The initial condition is
T(r,z,t =0) =T, (3.43)

and the boundary conditions are

a—T =0, (3.44)

or|,_g

and oT dP
% » dA R ‘HH‘ (3.45)

The Green’s function for this geometry is given by [6, eq. R02.1 and X20.1]

7 (%) 5 (%))

G (r,z, t]r', 2 t) =

1 1 [ a2 (=)
TR? \[Aray (t —t') [1 i mz:% o I3 (Bm) J

(z—z’)2 (z+z’)2
' {eXp [_m _m] } ’

where the constants (3, are the m-th zeros of .J;. By substituting equation (3.46) into
equations (3.14-3.17) and using the result [6, eq. R02.12 and eq. X20.4]

+ exp

(3.46)

0 R
/ / G (ryz, t|r', 2 ) 2nr" dr' d2' = 1, (3.47)
o Jo
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the temperature is found to be
T(r,zt) = T0+—/ / (r,z, tlr', 2" = 0,t) R ‘H”‘ 2rr'dr'dt’. (3.48)

We are only interested in the temperature at the surface, so using equations (3.46)
and (3.41) in equation (3.48) we have

T(r,z=0,t) =Ty + dr' dt

pchQ\/m / /

00 Bmr Bmr’ (349)
]__i_ze*adﬂ%z(t*t,)/RQ JO ( R ) JO ( R ) ‘
—~ Jg (Brm)

We shall integrate over 7’ first. Using the integral [17, eq. 6.521.1]
1
/0 w2 (ax) do 2J3H( 0)  for Jo(a)=0, v>—1, (3.50)

and the indentity [17, eq. 8.473.1]

o) = %Jl(x) (@), (3.51)

we get

R !
1
/ r'J2 (xg ) dr' = SR} (a1). (3.52)
0

By defining the constants K, to be

R i !
Ko z/ P J? <x1ér ) o (ﬂ"]g ) dr', (3.53)
0
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and using equation (3.52) we have for the surface temperature

C?R
T —0.t)=Th+ ——_L°%
(r,2 ) ot pc. R?\/Tay
Lot > oy Kom o (55)
RQJ .'I/' + e —agB2,(t—t')/R R
o V-t o (71) r; T3 (Br)
(3.54)

The constants K, must be numerically evaluated. Using the integral [17, eq. 3.361.1]

/0 ' e\/; iz = \/g exf (/1) (3.55)

the surface temperature is finally written as

C?R,
PCer/TOly

[JO T11 \/_+\/7 Z[; ?2 erf (%)

If diffusion in the transverse direction is negligible for short times, then we may

T(r,z=0,t) =T+

(3.56)

use equation (3.38) to determine the temperature at each point on the surface. Using

equations (3.39) and (3.41) in equation (3.38) gives

C?R T
T(r.z=0.t) =T, 15 g2 (24 t. 3.57
(r2 1) 0+pcg\/m1<R)\[ ( )

We will compare equation (3.57) to (3.56) to test this assumption.

The first 10 values of (3, are given in Table 3.3 along with the corresponding
values of K, for the cavity radius R = 2.2075 cm. We shall first test if the 10
values of (3, given in Table 3.3 are sufficient for good accuracy in the calculation of
temperature rise with equation (3.56). If equation (3.57) is sufficient to calculate the
surface temperature, then we expect both equations to predict the same location for

the maximum temperature rise. According to equation (3.57), this maximum occurs
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m B Kn(x1071 m?)
1 | 3.83171 69617.5
2 | 7.01559 -71123.5
3 | 10.17347 -2639.27
4 113.32369 496.108
5 | 16.47063 -161.447
6 | 19.61586 67.5956
7 | 22.76008 -32.9761
& | 25.90367 17.8601
9 | 29.04683 -10.4483
10 | 32.18968 6.48206

Table 3.3: The first 10 values of 3,, and K,, for radius R = 2.2075 cm. x1; = (4.

Equation AT/(C?Ry)
(x107 K/(W/m?))
1-D 5.14038
2-D, m=9 5.14037
2-D, m=10 5.14016

Table 3.4: Temperature rise for 1-D and 2-D equations at position r = 1.0607 cm for
time ¢ = 1.0 ps.

at ,
r=R2L g () =0. (3.58)
T11
Since z; = 1.84118, the maximum temperature rise occurs at r = 1.0607 cm. Ta-
ble 3.4 gives the calculated temperature rises at this point. The relative error between
the temperature rises listed in Table 3.4 is less than 0.01%.

Figure 3.3 plots the temperature rises from equations (3.56) and (3.57). Figure 3.4
plots the relative error between the calculations. As the two previous figures show, the
relative error over the region of interest is less than 1% up to a time of ¢ = 1.0ms. The
relative error increases towards the center of the endcap because the one-dimensional
solution predicts a temperature rise close to zero. In the case of pulsed heating we
are only interested in times on order of 1 ps. Therefore, equation (3.36) is sufficient

to calculate the surface temperature rise on the cavity endcaps due to pulsed heating.



CHAPTER 3. THEORY 106

6 X 10~° x 10
t=1.0 us — 1-D t=1000 ps — 1D
5 O 2-D | 1.5} o 2-D
f\m4 r Ew
X R
g° S
= =
'_
2 <
< 0.5¢
1 L
. S OCJ + 2 - + \o
0 0.5 Rad:|l'us (cm) 1.5 2 0 0.5 Radl:bs (cm) 15 2
5 x 10 x 10°°
5| t=10000 o i_g 15| FOLs o i_g
Ft= s -D | 5t -
H OOOOO
~ — O
4 x”’ 0
N - N 1
O 3 S o
= =
<d o} < O
05¢ OO
(08
1 OOOO
0 0
0 0.5 1 15 2 0 15 2

0.5 Radiusl(cm)

Figure 3.3: 1-D and 2-D temperature rises for various times.
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Figure 3.4: Relative error between 1-D and 2-D temperature rises for various times.



CHAPTER 3. THEORY 108

Cavity Sidewall

In the last section, we showed that for times less than 1 ms lateral diffusion is not im-
portant for a smoothly varying power density over a flat surface. From this result, we
also expect that lateral diffusion along the cavity axis is not important for calculating
the temperature rise on the surface of the cylindrical sidewall of the cavity. Since
the surface magnetic field varies as sin (7z/d), the power density is also a smoothly
varying function. However, the cavity sidewall is not a flat surface. We must test the
effect of the curvature of the surface on the temperature rise.

Since we only care about the curvature of the cavity surface, we may simplify
the analysis by using an infinite hollow cylinder with a constant power input on the

surface. The problem is formulated as follows:

88271;:0%1?9—1;’ R <r < oo, (3.59)
with initial condition
T(r,t =0) =Ty, (3.60)
and boundary condition o7 P
—k = . =T (3.61)

We are only interested in the temperature on the surface. For ay(t —¢')/R* < 1,
the Green’s function for this geometry is [6, eq. R20.3]

R 1 3 [ag(t—t)

o1
Tag(t—t) 2 4 mR?

1
G(r=R,tlr =R,t) =

=7 (3.62)

Using equations (3.14-3.17) and the fact that [6, eq. R20.6]

/ G (ryt|r', t) 2mr dr’ = 1, (3.63)
R
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the temperature at the surface is found to be

dP
T(T—R,t) To—i-? dA

dP 2/t [1_\/7r—d\/

G (R,t|R,t") 2r R dt’
(3.64)

=T+ ———

dA pc.\/Tay 4R2

In order for the above equation to be accurate we need t < R?/ay = 3's, which
is sufficient for the time range we are interested in. By comparing equation (3.64)
with equation (3.38), we see that the first term corresponds to a one-dimensional
semi-infinite slab. The last two terms are the corrections due to the curvature of the
surface. We find that the first-order correction due to the curvature will cause a 1%

relative error to occur at time

_ 16R?
102017y

For the cavity radius R = 2.2075 cm, this corresponds to a time of ¢ = 1.5 ms. Since

(3.65)

the temperature rise due to pulsed heating occurs on the order of 1 us, we may ignore
the effect of the curvature of the walls.

Based on the analysis in this section and in the previous section, we may use equa-
tion (3.36) to calculate the surface temperature rise at every point in the cavity. In the
next section, we will allow the power density dP/dA to be temperature-dependent.

By using equation (3.36) the analysis is greatly simplified.

3.3 Pulsed Heating of Test Cavity

In this section, we will consider the pulsed heating of the surface of the test cavity
as it fills with energy from an RF pulse. The test cavity of radius R and length d
resonates in the TEy;; mode. The magnetic field in the cavity is given in Chapter 2.

On the surface of the endcap, the magnetic field is

TR Tir
|Hr| = |h011(t)| Ag}Eld - Ji (%) , (3_66)
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Qo 21900
Qext 17110
QL 9605
B 1.28
Py, 10 MW
tp 1.0 us

Table 3.5: Cavity design parameters from Chapter 2.

where hg11(t) is the magnetic expansion coefficient found from equation (A.102). Sim-

ilary, the magnetic field on the surface of the cavity sidewall is
011 .. (T2
| = |hout (8)] AP sin (%) ()] (3.67)

with the normalization

2 cx
AJE =1/= - , 3.68
TE 7wa011R2 |J0 (.’1711)| ( )

and angular resonant frequency

an =y (2)"+ (5)" (3.69

For the test cavity with radius R = 2.2075 cm and length d = 1.9 cm, the resonant

frequency of the TEg;; mode is fy1; = 11.438 GHz. However, as described in Chapter
2, the coupling iris reduces the resonant frequency to fo1; = 11.424 GHz.

Equation (3.36) will be used to determine the temperature rise on every point of
the surface of the test cavity. Before we include the temperature dependence of the
parameters, we will find the temperature rise due to constant cavity parameters as
a point of comparison to later results. We will use the data in Table 3.5 throughout

this section.
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3.3.1 Constant Cavity Parameters

Since Qp > 1 and is held constant in this section, we may use equation (A.107) for the
expansion coefficient of the magnetic field in the cavity. Using this coefficient with the
condition dP/dA = (1/2)R; ‘HH‘2 in equation (3.36) gives the surface temperature

on the endcap as

T 8¢? R,P,,Q% ., (a7
T(rt)=Tp+ /— J ( )
( ) ° Qg MOPCng (11311) wgllQea:tR2d3 ! R

3.70
t dt, |:1 < wgnt,>:|2 ( )
. —exp | — :
0o Vi1t P 2Q,
If we introduce the easily-computed Dawson’s integral [46, pp. 259-261]
F(z) = e’ / e’ dt, (3.71)
0

then the surface temperature on the endcap can be written as
T 16¢2 R, P;, ()% T11T
T =Tyt [T 108 BoPaQh (o)
g popce Jg (111) Wiy Qent R2d R

2QL wgut QL w()llt
'[ﬁ_2 ot (Vo) Ve (Ve )]

(3.72)
Similarly, the surface temperature on the cavity sidewall is
16c222 R, P;,Q*
T(s,1) = Tob— 0o Rln@r (E)
7T3/2M0pce vV CGd Wor1 QextR4d d
(3.73)

QQL w011t QL wOllt
|Vt =24 =2 < + 4] ==F .
[ Wo11 2Q1, Wot1 Qr
If we consider an RF pulse that is on up to time ¢ = ?,, then for time ¢ > {7,

the expansion coefficient for the magnetic field is found from equation (A.109) with
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P, = 0. Using continuity at ¢ = ¢, we have

) 8P; Wontp) ] < wont)
hoy () = — _ 2T exp (%) | exp [ — L t>t,. (3.74
011( ) JQr HoQextort [ P ( 2Q, P 2QL b ( )

For t > t,, the integral from equation (3.70) is written as
e o (] [ o () o (5
—exp | — Xp — xp | —
o Vt—1t 2Q1 t, Vt—1 2Q1, Qr
(3.75)

Therefore, for time ¢ > ¢, the surface temperature in the cavity is found by replacing

the terms in brackets in equations (3.72-3.73) with the following terms

wo11t _“o11tp Wo11 (t — tp)
F —e 20 F Ml N £
( 201 ) < 2Q1,
wo11t _woulp _wol1tp Wo11 (t — tp)
F +(1—2e WL e QL)F SR UL 70 B
< QL ) < QL

(3.76)

Wo11

{[\/E—H]—Q 201

e
Wo11

Using the values given in Table 3.5, the point of maximum surface temperature
rise for the endcaps and the cavity sidewall is plotted in Figure 3.5 as a function of
time. Notice that the maximum temperature rise occurs at a time slightly larger than
tp. This occurs because there is still stored energy in the cavity when the REF pulse
turns off. Even when the RF is off, power is dissipated in the cavity walls. Figure 3.6
is a plot of the surface temperature rise for each surface as a function of position at

the time of maximum temperature rise.

3.3.2 Temperature-Dependent Parameters

We now allow the surface heat flux, dP/dA, to vary with temperature due to the
dependence of the electrical resistivity, p,.s, on temperature. The electrical resistivity
is the reciprocal of the electrical conductivity, o. Not only will the surface resistance,

R, vary with temperature due to its dependence on the square root of the resistivity
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Figure 3.5: Point of maximum temperature rise for endcaps (r = 1.0607 cm) and
cavity sidewall (z = 0.95 cm) as a function of time using the values from Table 3.5.
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Figure 3.6: Surface temperature rise of endcaps (JZ) and cavity sidewall (sin?) as a
function of position at the time of maximum temperature rise.
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T Pdata Pht Relative Error
(K) | (x107® Q-m) | (x107% Q- m) (%)
273 1.543 1.528 0.99
293 1.678 1.668 0.59
298 1.712 1.703 0.52
300 1.725 1.717 0.46
400 2.402 2.418 0.68
500 3.090 3.120 0.95
600 3.792 3.821 0.76
700 4.514 4.522 0.18
800 5.262 5.223 0.74

Table 3.6: Data for temperature dependence of electrical resisitivy for pure copper [31]
along with the linear fit and the relative error.

(see equation (A.71)), but so will the magnetic field. The magnetic field varies with
the unloaded cavity Q and this quantity varies as 1/ R, (see equations (A.73), (A.102),
(A.104) and (A.107)).

The resistivity varies linearly with temperature and the data for pure copper is
given in Table 3.6 [31, p. 12-43] The fit to the data using the linear least-squares
method is given by

Pres(T) = 7.012 x 10 MT — 3.865 x 10?7 (2 - m), 273K < T < 800K. (3.77)

A plot of this fit is shown in Figure 3.7. The fit at the data points is also given in
Table 3.6 along with the relative error. The table shows that the error is less than
1% over the desired temperature range.

Putting the temperature dependence into equation (3.36) gives

N 1 /t dt'" dP(¢,T)
pes\JTog Jo E—1  dA
1 Eoody

Ty +
0 2pc.\/Tag Jo Jt—t

T ('F, t) — TO

(3.78)

R,(T) |H) (7.#.T)

where 7 denotes position along the surface of the cavity. Because temperature is
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Figure 3.7: A plot of the linear fit of the electrical resistivity to temperature.

on the right-hand side of equation (3.78), we must solve an integral equation. In

the literature, this equation is known as a nonlinear Volterra equation of the second
kind [33, eq. (4.1)]

ﬂwzmw+43«aaﬂﬁnw, (3.79)

where K is called the kernel. Inspection of equation (3.78) shows that a singularity

occurs at ' = ¢. Since the kernel is singular, the equation is best written as [33, eq.

(8.1)]
ﬂﬂzﬂﬂ+£p@ﬂK@ﬂJWDW, (3.80)

where p(t,t') represents the singular part of the kernel that has been separated from

the original kernel. In our case

p(t,t') =

. 3.81
— (3.81)

There are numerical procedures known as product integration methods [33, Ch. 8]

that can be used to solve equation (3.80). For the case of equation (3.81), the solution
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may be found with [33, egs. (8.15-8.16)]
n—1
Fro=g(ta) + Y wnK(tn,t;, F}), n=12,.., (3.82)
=0

where F), is the approximation for f(t,) and

Wnj =2 (/tn — tj — \/ta — tj11) - (3.83)

The method used to derive equation (3.82) is essentially Euler’s method, so the error

is approximately
|Fn - f(tn)| = O(h)a (384)

where h is the stepsize. Since we only need to know the temperature rise due to pulsed
heating to within a few percent, we do not need high accuracy. Hence, equation (3.82)
is suitable for our needs. If more accuracy is desired, then we may use a technique
known as Richardson’s extrapolation [33, pp. 133-134]. Richardson’s extrapolation
combines solutions to equation (3.82) with different stepsizes in such a way as to
reduce the error to O(h?) where p > 1.

Using equations (3.66-3.68) and (A.71), the kernels for the cavity endcaps and

sidewall are

. 7c? TT
Kenalr,t,6,7) = | 52 T () V@ lhon (.1
11

3/2
Ty pcswo{1 R2d3 J3

(3.85)

K / _ He 6237%1 .2 71—_2 / / 2
wall(za t, 13 ) T) - 9 Sin d Pres (T) |h011 (t ) T)| ) (386)

3/2
TOd 1 pe.wy), R

where p,.s is given by equation (3.77) and hg; is found from equation (A.102). Notice
that the right-hand side of equations (3.85-3.86) do not depend on ¢. ¢ is kept on the
left-hand side of these equations as a placeholder to prevent confusion when they are
substituted into equation (3.82).

The magnitude of the magnetic field in the cavity depends on the unloaded Q, so
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we must calculate its variation with temperature. According to equation (A.73), the
unloaded Q for the TEy;; mode is

T~ v
Qon( ) 2p1ewor1

32
_ 1 (AOH {47T R / WJI (l‘ur) - dr

V24iewort
+27rRJ§(x11)/0 V Pres(T(2)) sin? <7> dz] .
(3.87)

pT‘ES

We now see that we must know the temperature before calculating the unloaded Q
and the magnetic field. However, the temperature depends on the magnetic field.
For this reason, equation (3.82) is desirable since the temperature at time ¢, depends
only on quantities determined for time up to ¢, ;. The procedure consists of finding
the temperature at time ¢, using the magnetic field for times up to ¢, ;. Then the
unloaded QQ and the magnetic field is updated using this temperature. Of course, this
process is repeated until the final timestep is reached.

The magnetic expansion coefficient hgii(t) = ﬁgll(t)e_j"’t is found from equa-
tion (A.102), where w is the angular drive frequency. For a numerical solution, we
need to split the real and imaginary parts of h, which will result in two coupled

first-order differential equations. Defining h = hy + jh; we have

dhp 11+ g dhy

LI M—= —wNh Wh 3.88
w2t |t w W (3.882)
~ 1 71
%_ 11—i_Qon]M_|_w2+Qon
dt w2—|—— 1+Q;11

1+ Q011 MN — W h lﬂMW—FwN ?7/[ 3.88b
2+Q011 w2+Q;11 ( ‘ )

1 8P;wii; -|
1 )
Qo1 MOQe:L’t J

14
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where

w Wo11

M = 0 + ; , (3.89&)
oLt Qext (1 + QOII)
w Wo11
N = , 3.89b
QOII Qext ( )
2
=2 (3.89¢)
1+ )
011

Many methods exist to numerically solve equations (3.88-3.89). We will use the
Runge-Kutta method of order four [11, p. 297]. With this method, we may obtain
the solution to the magnetic field one timestep at a time.

We will test our algorithm with the results from the last section by setting p;.s
to be constant at its room temperature value. Using the values from Table 3.5, the
magnetic field found from equations (3.88-3.89) should match that found from equa-
tions (A.107) and (3.74). The fields in the cavity are initially zero, so hoy(t =
0) = 0. Also we assume that we drive the cavity at the measured resonance,
w = w1/ \/m. Remember that the resonant frequency of a lossy cavity
is shifted slightly. Figure 3.8 compares the solutions for the expansion coefficient of
the magnetic field. The error between the two solutions at the time of maximum field
is less than 0.01%.

When calculating the temperature rise with the new algorithm, the timestep used
must be larger than an RF period. By adhering to this limit, we avoid any ambigu-
ity about the value of QQy; throughout the integration. For a resonant frequency of
11.424 GHz the RF period is approximately 0.1 ns. We will use a timestep of 1 ns.
Figure 3.9 compares the solutions for the temperature rise of the cavity endcaps and
sidewall of the new algorithm with equations (3.72-3.73) and (3.76). Figure 3.10
shows the absolute error for the temperature rise of the endcaps. The absolute error
for the cavity sidewall is similar. The relative error between the two maximum tem-
perature rises is less than 0.05%. Therefore, this algorithm may be confidently used
to calculate the temperature rise from pulsed heating with variable p,¢;.

Figure 3.11 compares the temperature rise on the endcaps for variable p,.; (see
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Figure 3.8: Comparison of the expansion coefficient of the magnetic field from equa-
tions (3.88-3.89) with equations (A.107) and (3.74) for constant p,es.
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Figure 3.9: Comparison of the temperature rise for the cavity endcaps and sidewall
from the new algorithm with the analytical solution from the last section.
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Figure 3.10: Absolute error in the temperature rise of the cavity endcaps between the
new algorithm and the analytical solution from the last section.

equation (3.77)) as compared to constant p,.s. The maximum temperature rise on the
endcaps is greater by 10.3 K. This corresponds to a difference of approximately 10%.
Figure 3.12 displays the comparison of temperature rises for the cavity sidewall. The
difference in maximum temperature rise is only 1.5 K. The difference is smaller than
for the endcaps because the temperature rise is smaller and the electrical resistivity
does not change as much. Figure 3.13 shows the change of ()11 as the cavity heats

and then cools. In this case, Qo1 drops by approximately 12%.

3.3.3 Measurement of Pulsed Temperature Rise

In Chapter 2, we discussed the implementation of a steady-state low-power TEgs
mode in the cavity to measure the change in Q’s and the temperature rise of the
surface. A change in the resonant frequency and unloaded Q of this mode will result
in a change in the amplitude and phase of the reflected signal as measured from the
diagnostic port. In this section we will show what a typical signal will look like. Also,
we will demonstrate how to extract the change in () and the temperature rise of the

surface from this reflected signal. The design parameters for the TEy5, mode are
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Figure 3.11: Comparison of variable p,.s with constant p,.; on the temperature rise
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Figure 3.12: Comparison of variable p,.; with constant p,.;. on the temperature rise

of the cavity sidewall.
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Figure 3.13: Change in (Qp;; and Qo12 due to heating of cavity.

given in Table (3.7).

Typical cavity response

In the previous section we discovered that the unloaded Q) for the TEy;; mode changes
due to the heating of the surface. Likewise, the unloaded Q for the TEj5 will also
change according to (see equation (A.73))

1 1 .
Qua(T) — \2Hicwor /w 45V pres(T(7)) ‘HOIQ(T)

‘ 2

1 2 167T3R2 R T11r
- - A012 7/ / res T J2 e d
\/m ( TE) |: d2$%1 o P ( (7“)) 1 ( R ) rar

+27rRJ§(xH)/Od\/msin2 <@> dz] ,

d
(3.90)

where the magnetic field for the TEy;2 mode is given in Chapter 2. The change in Q12
due to the temperature rise derived in the last section is also shown in Figure 3.13. In

this case the unloaded Q drops by approximately 13%. Note that it is a coincidence
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Qo 21880
Qel 21880
Qe2 100000
QL 9860
By 1.0
B 0.22

f012 17.81 GHz

Table 3.7: Cavity design parameters for the TEy2 mode from Chapter 2.

due to the geometry of the cavity that the values for the unloaded Q’s of the TEg;
and TEy;» modes are close.

To find the change in the reflected signal from the diagnostic port, we must
use equation (A.125). The TEj; mode is driven in steady-state with a low-power
frequency generator at its measured angular resonant frequency, woa/ \/m ,
through the diagnostic port which will be labeled as port one. Thus, dﬁf/dt =0 and
‘N/;r = 0. Before the cavity heats up due to a high-power pulse in the TEy;; mode,

the reflected signal from the diagnostic port is initially

—1:M<1+' 1). (3.91)

Vi
v Qur T Qo

V'l-l-

Ve

Vl+

t=0 t=0

Likewise with the previous section, we must split equation (A.125) into real and
imaginary parts and use a Runge-Kutta method of order four to solve the coupled first-

order differential equations that ensue. Let Viyéx/V;" = a+ jb, then equation (A.125)

becomes

da A db 2wwor2

= \ME - quN .92
i [ i + bW + O } , (3.92a)
db A w -1 A 2w 12 2&)&)012
— = —M2+—] {aAMN—W —b<—MW+wN>— 02 AM +

dt L) A ( ) w Qe1 Qe1Qo12

(3.92b)
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where

Qo12
= w0z 3.93
2+ o (3:952
w Wo12 1 1
M = + ( + ) , 3.93b
Qo2 1+ ﬁ Qo1 Qe ( )
1 1
V=gt (ot as) (3:930)
w2
W= % — W (3.93d)
Qo12

Using the change in g1, the reflected signal from the diagnostic port will change

according to

V) Vo e — 104 b, (3.94)
Vit Vi
Using the parameters in Tables 3.5 and 3.7, the magnitude and phase of the reflected
signal from the diagnostic port is shown in Figure 3.14. Notice that the amplitude and
phase of the reflected signal reach an extremum some time after the high-power pulse
turns off and the unloaded QQ’s reach a minimum. The time at which these extrema
occur are on order of the fill-time after the pulse turns off (see equation (A.106)).
The phase shift in the reflected signal arises from the change in the cavity’s res-
onant frequency due to the change in its unloaded Q. If we look more closely at
equation (A.125), we notice that the measured angular resonant frequency of the
cavity is

Wo12

wo = ——22 (3.95)

1
1+ Qo12

Initially, we drive the cavity at this resonant frequency, so the term

2
o 2 (3.96)
1+ Qo12

is zero. However, as (o12 changes during the heating of the cavity, this term will differ
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Figure 3.14: Magnitude and phase of reflected signal from diagnostic port due to the
change in ()y12 from pulsed heating.
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from zero. It is the change in this term that results in a phase shift of the reflected
signal. Of course, the amplitude of the signal changes because a change in unloaded

Q results in a change in coupling to the cavity mode.

Measuring temperature rise

Figure 3.14 shows the typical response of the TEy;2 mode to pulsed heating. In this
section, we will show how to determine the temperature rise on the surface from the
measurement of the amplitude and phase of the reflected signal.

The first step involves extracting the change in unloaded Q from the reflected
signal. However, we must also allow for a change in wy;2 from the deformation of the
surface of the cavity due to heating. This effect is difficult to predict since the heating
is high enough to cause the deformation to be nonlinear. Fortunately, this effect can
be easily measured and it is predicted to be small. Looking back at equation (A.125),

we split it into real and imaginary parts and solve the resulting equations in terms of
Qo12(t) and wo1a(1)

) |:(A)012db da Wwo12 2wwou]

2w + b (Wi, — w?) —a
02 Qe dt dt (s ) Qe Qe1
db da Wwoiz  2wWwpi2
+@Q [w(———)—a—%baﬁ—a + ]
iz |9\ G~ g ) ~ et Qi Qa
db
two - aw® =0, (3.97a)

2 da w 2w 2w
aQgoWi1s + w {Qm (— +bw> + <b - ) - ]
(012Wn12 012 Q. \di Qo2 Qo Qu 0o

db da db
+ Q12 <2w% - aw2> + Qo2 [w <E + %> +(b— a)wQ]

d
+ wd—j Fhw?=0, (3.97b)

where
1 1 1

QeH N Qel * Qe2‘

(3.98)
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Equations (3.97) may be solved using algorithms that find solutions of nonlinear
systems of equations [11, pp. 543-576].

We will test this method. First we will use the unloaded Q change shown in Fig-
ure 3.13 given by the temperature rise found in section 3.3.2. Next we will introduce

a fictitious frequency shift of 100 kHz that occurs at the end of the pulse

woia(t = 0) + 3 t<tp
Woiz = | worz(t = 0) + 32(2t, —t) 1, <t <2, (3.99)
wglg(t = 0) t > 2tp,

where Aw = 27(100 kHz). This frequency shift is about 10% of the Q-bandwidth for
the TEy;2 mode. The amplitude and phase of the reflected signal due to changes in
Qo12 and wp;o are shown in Figure 3.15. After solving equations (3.97) with the data
shown in Figure 3.15, the change in (Qy12 and wq;2 is plotted in Figure 3.16 along with
their relative errors.

Once the value of Q12 as a function of time is extracted from the reflected signal,
we may indirectly approximate the maximum temperature rise of the surface. We
will use equation (3.90) to determine the temperature rise in the cavity. Since Qo2
is a global parameter of the cavity, we must make some assumptions.

The first assumption is that the temperature rise on the endcaps and the cavity
sidewall have a functional dependence which ignores the variation of the electrical
resistivity. At first glance, this approximation may seem to have large error, because
Section 3.3.2 showed that the variation of the electrical resistivity caused a 10%
increase in the maximum temperature rise on the endcaps. However, the overall error
is smaller and acceptable, because the variation of the electrical resistivity is taken
into account in equation (3.90). Thus, we model the temperature on the endcaps and

cavity sidewall as

ATr,max J12 <.’L‘117“) :

T(r)="T,+ -
’ Jig(l’n)

(3.100a)

T(Z) = TO + Ajjz,ma.x Sin2 (%) s (3100b)
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Figure 3.15: Magnitude and phase of reflected signal from diagnostic port due to the
change in ()y12 from pulsed heating and the fictitious change in wp;s.
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where the term JZ(z/,) is used for normalization.

The second assumption is the ratio between the maximum temperature rise on the
endcaps to the maximum temperature rise on the cavity sidewall. Our simulations
show this ratio to be approximately 2. Fortunately, the temperature determined
using equation (3.90) is not sensitive to this ratio since Qg2 is approximately 8 times
more sensitive to changes on the endcap than on the cavity sidewall. So we let
AT o = 28T, .

Using these assumptions and equation (3.77) in equation (3.90) we have

v/ HeWo12 B 1673 R? /RdrrJ12< ) \/ {ATTmaXJI (3:117”> —i—To} + as
0

Qo12 (A0T15)2 d?x3, JE (@) R
_ 27TRJ§(-’1711) /d dz sin? QWZ \/ ATT max Sin> (%Z) + To] +as =0,
0
(3.101)
where
a; =7.012x 107" Q- m/K, az = —3.865 x 1077 Q - m. (3.102)

wo12 Will be taken as a constant in equation (3.101) since its variation is slight. AT ax
may be found by solving equation (3.101) by iteration where the integrals are com-
puted numerically. We may simulate this procedure by using the value of (Qy1> found
in the previous section. The results are plotted in Figure 3.17.

This procedure will always systematically underestimate the actual temperature
rise since the assumed temperature ignores the variation of the electrical resistivity.
However, the relative error in this case is less than 3%. This error will increase for
higher temperature rises. For example, for a temperature rise of 250 K, the relative
error is less than 5%. This is an acceptable error. The change in relative error
due to the approximation that the ratio of the maximum temperature rise on the
endcaps to the maximum temperature rise on the cavity sidewall is 2 is also slight.
From simulations, the ratio varies from 1.9 to 2.4 over the temperature range of room

temperature to the melting point of copper. Over this entire range, the relative error
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Figure 3.17: The extracted temperature rise of the cavity endcaps from ()g;2 simulated
data and the relative error.
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changes at most by 1%.



Chapter 4

Results

In this chapter, we will discuss the results obtained from two high-power tests on
OFE copper using the cavities described in Chapter 2. The first high-power test used
the two-cavity setup described in Section 2.2.1. In the second high-power test, we

used the one-cavity setup described in Section 2.2.2.

4.1 First Test

A picture of the test setup is shown in Figure 4.1. We used an XL-3 50 MW klystron
for the high-power RF source. Although the tube is capable of producing 1.5 us
pulses, we were limited to 1.25 us pulses due to rounding of the RF pulse by the
modulator. The repetition rate is 60 Hz.

We experienced extensive RF breakdown at the coupling irises and were required
to surround the cavity structures with 2-inch lead bricks. Because of this breakdown,
we limited the input power to each cavity to 8.5 MW and accumulated pulses at this
setting. The vacuum in the cavities was approximately between 10~ Torr and 10~%

Torr.

133
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Figure 4.1: A picture of the two-cavity setup attached to the klystron. The XI.-3
klystron is seen in the background. The cavities are on the left and right of the setup
in the lower part of the picture.
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4.1.1 Run-Up Procedure

As described in Section 2.2, the input power to the cavities must be raised slowly due
to outgasing from the copper surface and RF breakdown. The entire experimental
run occurred over a two-month period. It took approximately two weeks to reach
8.5 MW to each cavity. Although the power to each cavity could eventually be raised
over time, we decided to stay at one power level for two reasons. First, the amount of
time required to raise the power further became prohibitive. Second, it was desirable
to accumulate high-power pulses at one temperature rise to minimize the effects of
cyclic fatigue from multiple stress levels. We stayed at 8.5 MW because we considered
calculated temperature rises over 100 K to be interesting.

During the experiment, the cavities were tuned to each other in such a way
that their resonant frequencies would match after thermal expansion due to aver-
age heating. Using equation (2.15) with 8 = 1.7, P,cor = 8.5 MW, T, = 1.25 pus and
frep = 60 Hz, the total power dissipated in the cavities is approximately 595 W. This
assumes the RF pulse is a flat-top. Looking at Figure 4.4, the input pulse is actually
rounded. Therefore, this approximation represents an upper-bound on the average
temperature rise.

Following the discussion in Section 2.1.6, the maximum temperature rise due
to average heating on the endcap surface is calculated to be approximately 10 K.
The maximum temperature rise due to average heating on the cylindrical sidewall
is approximately 9 K. The cavity frequencies decreased around 4 MHz at full power
giving a ratio of 6.7 kHz/W. According to equation (2.31), the sensitivity of the cavity
resonant frequency to length changes in the radial or axial direction is approximately
—7 MHz for every 25 um increase in dimensions. Cavity 2 shifts an additional 400 kHz
more than cavity 1 due to average heating which represents a change of less than 10%.

This may be due to small differences in the flow of water to each cavity.

4.1.2 Measurement of RF Power

As described in Section 2.2, attached to the high-power coupler of each cavity is a

55-dB directional coupler. Directional couplers allow the measurement of forward and
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Figure 4.2: Schematic of a 55-dB directional coupler. Port 1 is connected to the input
of the test cavity and Port 2 is the input from the klystron.

reflected power from the cavity by coupling a small amount of power to a side-coupled
waveguide. In this case, the amount of coupling is small enough such that the loss of
power to the cavity is less than 0.1 dB. A schematic of a directional coupler is shown
in Figure 4.2.

Power is coupled to the coupling arm of the directional coupler through apertures
cut along the broad wall of the waveguide. Looking at Figure 4.2, the length between
the coupling holes of the directional coupler is chosen such that most of the power
coupled to port 4 is from port 1 and most of the power coupled to port 3 comes
from port 2. For a 55-dB directional coupler, the isolation between ports 1 and 3 and
ports 2 and 4 is approximately 90 dB. Since these couplers are to be operated under
vacuum for high power, ports 3 and 4 have RF vacuum windows that are matched at
11.424 GHz.

Forward power measurements are important for two reasons. First, using the for-
mulas presented in Section 3.3, knowledge of the input power to each cavity allows
us to calculate the maximum temperature rise on the surface. Second, as discussed
in Section A.4.2, the coupling coefficient to each cavity may be determined in con-
junction with the measurement of reflected power from the cavity.

The forward power to each cavity is measured at port 3 of the directional cou-
pler with the use of a crystal detector. Depending on the detector, the maximum
power a crystal detector can measure without damage is approximately +10 dBm.
Since 8.5 MW corresponds to 99.3 dBm, we must add additional attenuation to the
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Figure 4.3: Crystal detector calibrations for the forward power (left) and the reflected
power (right) for cavity 1.

directional couplers. The additional attenuation comes from cross-guide couplers,
which are waveguide-couplers that behave similarly to directional couplers, and coax-
ial attenuators. The coaxial attenuators are added after using waveguide-to-coaxial
adapters. 16 GHz low-pass waveguide filters are also added to the cross-guide couplers
to eliminate higher harmonics of the klystron frequency.

The parameters of the above components used in the experiment were measured
with a HP8510C network analyzer. Since the network analyzer cannot measure over
100 dB of attenuation with reasonable accuracy due to noise, the components must
be measured separately. When the network analyzer is calibrated with isolation and
averaging, the error in the measurement of the coupling of the directional coupler is
+0.2 dB. The same error occurs with the measurement of the cross-guide couplers
with coaxial attenuators attached. Adding the errors in quadrature, the total error
for the measurement of forward power is +0.3 dB. This error is systematic because
all measurements of forward power will have the same discrepancy.

There is also random error in the measurement of forward power. The output
voltage of the crystal detectors is calibrated with a known RF power close to the
frequency at which a measurement is taken. Figure 4.3 shows the calibration curves
for the crystal detectors used to measure the forward and reflected power to cavity
1. The amplitude of the waveforms are converted to power using cubic interpolation

of the crystal calibrations. The noise from the klystron modulator adds a random
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Figure 4.4: Forward and reflected high-power waveforms for cavity 1 from the first
high-power test. Py and P, are the forward and reflected powers measured in steady-
state respectively. “Residual” is the residual forward power after the RF pulse turns
off due to mismatches along the waveguide line.

error of approximately 0.5 mV to the output of the detector. This error in voltage is
converted to an error in power using the calibration curves for the crystal detectors.
The error will depend on the crystal amplitude. Since the power in units of dBm
varies logarithmically with crystal voltage, smaller voltages will result in larger errors
in power.

A typical forward power waveform is shown on the left of Figure 4.4. Notice that
the forward power waveform is not a perfect square wave. This is due to the mixing
of the reflected power from the cavities with the forward power. This mixing will be
explained in more detail in Section 4.1.3. However, notice that there seems to be an
exponential filling time to reach full power. Since saturation occurs at approximately
5 filling-times, the filling time for this process is approximately 0.6 pus/5 = 0.12 ps.
This is in rough agreement with the filling-time of 0.14 us for the cavities at the end of
the high-power test. It will also be shown later in Section 4.1.3 that this has negligible
effects on the measurement of the coupling coefficient and loaded Q for each cavity.

The reflected power from each cavity is measured at port 4 of the directional
couplers. A typical reflected waveform is shown on the right of Figure 4.4. The first
peak in the figure occurs when the RF turns on and the second peak occurs when

the RF turns off. The measurement of reflected power is important for two reasons.
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Cavity | Initial Qg Final Qg Initial @);, | Final Qp,
1 20350 4 520 | 14360 + 300 | 7670 + 110 | 5010 £ 50
2 20610 4+ 530 | 16810 + 260 | 7670 + 110 | 5010 £ 50
Cavity | Initial g Final 8 Initial Qepy | Final Qept
1 1.65 £+ .06 | 1.87 + .05 | 12320 4+ 520 | 7690 + 260
2 1.69 £ .06 | 2.36 + .07 | 12220 4+ 530 | 7140 £ 250
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Table 4.1: Cavity (Q measurements of cavity 1 and 2 using a HP8510C network
analyzer before and after the first high-power test. The change in (). is due to the
increase in size of the high-power coupling apertures.

First, the reflected power waveform is needed to determine the resonant frequency
of each cavity. The amplitude of the steady-state part of the waveform before the
RF pulse turns off is at a minimum at the resonant frequency of the cavity. Second,
the coupling coefficient and the loaded Q for each cavity can be measured from this
waveform.

As with the measurement of forward power, there are systematic and random er-
rors involved with the measurement of reflected power. Although cross-guide couplers
are also used, the total systematic error is £0.2 dB. We are using less attenuation to
measure the steady-state part of the reflected waveform more accurately. Of course,

the random errors in power will vary with crystal amplitude.

4.1.3 High-Power Results

Table 4.1 gives the values of the cavity ’s measured with a HP8510C network an-
alyzer before the start of the high-power test. Using the values given in Table 4.1
with an 8.5 MW, 1.25 us pulse in the equations presented in Section 3.3.2 gives a
temperature rise of 120 K 410 K. The error in the calculated temperature rise comes
from the range of input power due to systematic error, 8.5 MW £0.6 MW. At this
power level, the error is dominated by systematics. Consequently, the temperature
rise on the cylindrical sidewall is 60 K £5K (see Section 2.1.2).

The experiment was run at the temperature rise of 120 K for 5.6 x 107 pulses.

Afterwards, the cavities were removed from the test setup and their Q’s were measured
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with a network analyzer. The results are given in Table 4.1. Both the unloaded and
the external Q’s are lower than their initial values for each cavity. These changes are
explained in Section 4.1.5.

The coupling coefficient S and loaded Q of each cavity were determined throughout
the experiment by measuring the forward and reflected power to and from each cavity
in the time domain. The typical shape of these waveforms is shown in Figure 4.4. The
amplitudes of these waveforms are converted to power using the known calibrations
of the crystal detectors.

The coupling coefficient is essentially determined by the ratio of the reflected to
forward power in steady-state. Steady-state occurs near the end of the RF pulse when
the cavities have been filled with energy longer than 5 fill-times. When the RF pulse
turns off, the power decays out of each cavity exponentially at a rate proportional to
1/Qp. Qy is found by fitting this decay curve to an exponential. These measurement
points are shown in Figure 4.4. Refer to Section A.4.2 for more background on these

measurements.

Measurement of Coupling Coeflicient

The coupling coefficient for each cavity is determined by measuring the forward and
reflected power in steady-state at the points indicated by P; and P, in Figure 4.4
respectively. Using equation (A.133) and assuming the cavity is filled by the end of
the pulse (¢ — o0), the reflected power is simply

P, = <%> P;. (4.1)

Using the parameters in Table 4.1 with a pulse length of 1.25 us shows that the error

in the assumption ¢t — oo is less than 0.1%. Solving this equation for  gives

1+ ;;f
ﬂzipa
1F e
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where the upper sign is for § > 1 and the lower sign is for § < 1. Since the height of
the second peak in the reflected waveform is higher than the height of the first peak,
[ > 1 (see Section A.4.2).

We also discussed earlier the fact that the forward power is not a perfect square-
wave. In the analysis used in Section A.4.2, we assumed ‘N/f’ is constant. Looking at
Figure 4.4, we may model the waveform as filling from some initial power level to the
final desired power level. We will assume that the filling-time is equal to that of the

cavities at the end of the high-power test. Thus we write

‘771—1_ —t/T

= =A+ A (1—e ), (4.3)

Vi
where ‘71+0 is the desired voltage (oc v/P), 7 is the filling-time, and A; and A, are
ratios such that A; + A, = 1. In Figure 4.4, the rounding of the input power occurs
over a range of 2 dB corresponding to 80% of full power. Hence, A; = 0.8 and
Ay = 0.2. If we drive the cavity at its resonant frequency and use equation (4.3) in
equation (A.129) with the continuity condition V;~ = Ve — V;*, then the reflected

power normalized to the forward power is

~ 2

Vi B—1_ 28 _, w I

L= - T Ay tetT| . 4.4
5+1 5+16 2C)e:z;te ( )

+
Vi

This result is similar to the case where \N/f’ is constant except for the last term on
the right-hand side of equation (4.4). Using the final values given in Table 4.1 at the
time where [ is measured (¢t = 7}, = 1.25 pus) we find that the last term is smaller by
three orders of magnitude than the first two dominant terms. Therefore, the effect of
the rounding of the forward power on the measurement of [ is negligible.

Before a measurement is done, the power from the klystron must be decreased
below approximately 2 MW to each cavity to minimize the effects of pulsed heating
on the cavity Q and the coupling coefficient. Also, the power must be high enough for
the signal to have sufficient amplitude for reasonable error. However, at this power

the cavities are no longer matched to each other. The consequence of this fact will
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Cavity 1 | Cavity 2
Biow | 1.73£.04 [ 2.51 £.09
Buom | 1.794£.04 | 2.68 £ .11
Bhign | 1.85 £ .05 | 2.87 £ .12
Bireq | 1.87 £ .05 | 2.36 £ .07

Table 4.2: Measurement of coupling coefficients for cavities 1 and 2 in the time
and frequency-domain at the end of the high-power test. The range of 3 is due to
systematic errors in the measurement of power where f3,,,,, is the nominal value. The
errors listed for each value is due to random errors. B¢, is the value measured in
the frequency-domain.

be shown later in this section.

The oscilloscope used to measure these waveforms, LeCroy 9314M, adds a small
DC-offset to the signal amplitude that should be subtracted. Although the errors in
the measurement of forward and reflected power due to noise depends on the crystal
amplitude, all measurements were taken at roughly the same power level resulting
in a constant error. Hence, for cavity 1, the average error in the measurement of
forward power due to noise is approximately 0.1 dB. Likewise, the average error in
the measurement of reflected power is 0.35 dB. For cavity 2, the average error in the
measurement, of forward power is 0.2 dB and the average error in the measurement
of reflected power is also 0.2 dB. The variation in these errors is due to the different
sensitivities of the crystal detectors.

We will compare the measurements in the time-domain for cavities 1 and 2 at
the end of the high-power test with the measurments done in the frequency-domain.
Table 4.2 presents the range of values measured for the coupling coefficient of cavities
1 and 2. The three different measured values of § in the time-domain for each cavity
are due to the extreme ranges of the systematic errors in the measurement of forward
and reflected power. The error given for each value of the coupling coefficients is due
to random errors. The systematic errors dominate. Although the discrepancy between
the accepted or nominal value for 5 in the time-domain and the value measured in
the frequency-domain is approximately 4% for cavity 1 and 14% for cavity 2, the

range of [ due to errors in the time-domain is consistent with the measurement in
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Figure 4.5: Variation of the nominal value of 3 for cavity 1 (left) and cavity 2 (right)
as a function of pulse count at a 120 K temperature rise on the endcap surfaces. The
errors shown are due to random errors only.

the frequency-domain.

The measurement of S as a function of pulse count for each cavity is shown in
Figure 4.5. As described in Section 2.3.2, the pulse count is determined by digitizing
the forward power waveform and binning it by power level into an event counter.
Looking at Figure 4.5, we see that [ increases quickly for both cavities in the first
10 to 20 million pulses. If damage is occuring on the surface of the cavity in the
form of surface roughening and cracks, we expect Qy to decrease due to the increase
in electrical resistivity of the surface. Since 5 = Qy/Qes, this suggests that Qe is
decreasing in this pulse range since )y cannot increase. This is in agreement with the
decrease in ()., presented in Table 4.1. The decrease in Q.,; is due to the increase
in size of the coupling aperture of each cavity and is discussed in more detail in
Section 4.1.5.

After 20 million pulses, there is a decreasing trend in /3 for cavity 1. This indicates
a decrease in the value of ()y. According to Table 4.1, @)y for cavity 1 decreases by
almost 30%, but Figure 4.5 shows only a 10% decrease in [ starting at 20 million
pulses. Also, Q.;; decreased by almost 40% according to frequency-domain measure-
ments. This shows that Q). for cavity 1 likely decreased over the entire pulse range,

competing with the degradation of Q).
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Figure 4.6: Forward power waveforms for cavity 2 at 32 million pulses (left) and at
56 million pulses (right). A change is visible in the region where Py is measured and
also in the “Residual” power.

Notice that for cavity 2, 5 generally increases over the entire pulse range. Accord-
ing to Table 4.1, cavity 2 suffered a 18% degradation in )y with over 40% degradation
in Q¢z. This fact combined with Figure 4.5 indicates that the degradation in Qe
dominated the change in @), since Qg is only expected to decrease over time. After
20 million pulses the variation in 3 is slight until after 40 million pulses have been
reached. This suggests that in this region )y began to degrade while Q).,; did not
degrade as much. However, after 40 million pulses there appears to be another sharp
rise in 3. Although this may be due to another sharp change in .., it is more likely
due to additional measurement error.

Figure 4.6 shows forward power waveforms for cavity 2 recorded at 32 million
pulses and at 56 million pulses when the experiment was stopped. There is an ob-
vious difference in the shapes of these two waveforms. There is an ambiguity of the
measurement of forward power depending on what point in the waveform the mea-
surement is taken. This problem stems from the fact that the cavities are not matched
to each other during the measurement process.

Ideally, the asymmetric magic-tee used to split the input power to the two cavities
will cause the reflected power from the cavities to go to a load. From symmetry,
this occurs only if the up-and-back transmission length between the klystron and

each cavity represent a 180 ° phase shift between their fields and if the cavities have
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identical properties. Even an ideal magic-tee with the correct phase shift at the correct
frequency will not prevent reflected power going back to the klystron if the cavities
are not matched to each other. In our case, the cavities not only become increasingly
mismatched over time as shown in Figure 4.5, but one is driven off-resonance while
the properties of the other cavity is measured.

The output cavity of the klystron is grossly over-coupled to provide high band-
width for its output signal. Hence, the klystron is not matched to the magic-tee. The
difference between the reflected power from the cavities will go to the klystron and
reflect back to be split by the magic-tee again. This signal will interfere with the
output power from the klystron. This causes a change in the actual forward power
to each cavity and is not simply a measurement problem.

From the data, it appears that only cavity 2 is affected by this problem. Mis-
matches between the cavity and the magic tee will cause a slight detuning of the
cavities. Hence, a measurement of 8 will occur slightly off-resonance causing the
measured [ to move farther away from 1 than the actual value. It is likely that a
stronger mismatch occured on the side with cavity 2 over time than on the side with
cavity 1. Figure 4.5 indeed shows that the measured value of g for cavity 2 is higher
than compared to the measurement in the frequency domain.

Overall, each cavity suffered extensive degradation in their values of Qo and Q)cy-
Although damage most likely occured to the coupling aperture of each cavity over the
entire pulse range, it would appear that the damage became less extensive over time
due to the slower variation of 3 in the last half of the experiment. This corroborates
the fact that RF breakdown became less of a problem at this power level over time. In
the last half of the experiment there was no measurable outgasing and the disruption
of the forward and reflected waveforms due to RF breakdown occurred less frequently.
As will be discussed in Section 4.1.6, we know that breakdown occured at the coupling
apertures of each cavity.

After 20 million pulses it appears that degradation of (), for each cavity dominated
the change in 5. Cavity 1 suffered a greater degradation in (), causing (3 to eventually
decrease over time. However, the degradation of )y for cavity 2 was not enough to

overcome the change in ().;; and only caused [ to increase less swiftly.
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Figure 4.7: Reflected waveform from cavity 1 at the end of the first high-power test.
The fit of the waveform using linear least-squares is on the right.

The measurement of loaded Q, @), for each cavity combined with the measure-
ment of S isolates the values of )y and ().,;. However, the problem with the mis-
matched cavities described earlier also affected the results for ()7,. As will be described
in the next section, this made it difficult to conclude how )y degraded over time for

each cavity.

Measurement of Cavity Q

The loaded @Q of each cavity can be determined from the reflected waveform using
the method described in section A.4.2. The decay of the power leaking out of the
cavity after the RF is turned off is fit to an exponential to find the loaded Q. As
an example, the reflected waveform for cavity 1 on the right of Figure 4.4 will be
analyzed in detail. A close-up of this waveform is shown in Figure 4.7. As with
the measurement of 3, the DC-offset in the oscilloscope is subtracted first. Then the
amplitude is converted to power by interpolation of the crystal calibration curve. The
first few points near the peak of the amplitude are ignored, because the crystal may
not accurately represent the spike that occurs when the RF is shut off. The points

near zero amplitude are also ignored due to the large error in the conversion to power.
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Cavity 1 Cavity 2
Q1 time | 6910 £ 110 | 7180 £ 70
Qr, freq | 5010 £ 50 | 5010 £ 50

Table 4.3: Comparison of measurment of )y, for cavities 1 and 2 in the time and
frequency-domain at the end of the first high-power test.

From equation (A.136), the reflected power is parameterized as

P, = Aexp (_g_ﬁ) , (4.5)
L

where A is a constant. Since energy is simply decaying out of the cavity after the RF
turns off, the rounding of the forward power waveform has no effect on the measure-
ment of Q.

The amplitude of the crystal detector is converted to power in dBm, so it is useful

to convert equation (4.5) to dBm

P,[dBm] = B — 10(log €) >+, (4.6)
Qr

where B is a constant. This equation may be fit using linear least-squares. The fit
is shown on the right of Figure 4.7. The results of the fit are presented in Table 4.3
along with the result for cavity 2. The error in the fit is due to the assumed error of
approximately 0.5 mV in determining the amplitude because of noise. The systematic
error due to the calibration of the 55-dB directional couplers is ignored since the
determination of absolute power is not necessary.

The discrepancies between the measurements of ()7, in the time and frequency-
domains for cavities 1 and 2 are 38% and 43% respectively. These discrepancies are
likely due to the mismatch of the cavities with respect to each other and the mismatch
of the klystron output cavity to the magic-tee. As with the measurement problem of
the coupling coefficient, a portion of the reflected power from each cavity will reach
the klystron output cavity due to the mismatch of the test cavities. Although the RF

is off, the klystron output cavity will fill and emit power using the reflected power
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Figure 4.8: @Qp, for cavity 1 (left) and cavity 2 (right) as a function of pulse count for
a 120 K temperature rise on the endcap surfaces.

from the test cavities as an input. This can be seen in the forward power waveform in
Figure 4.4 as residual power after the RF pulse turns off. The level of residual power
changes over time as the properties of the cavities change as can be seen in Figure 4.6.
The emitted power from the klystron output cavity will have a characteristic decay
due to its loaded Q. This emitted power will travel back to the cavities and fill them
causing them to re-emit power. Hence, the overall measured reflected power from
each cavity will involve the mixing of characteristic decays of both test cavities and
the klystron output cavity.

Figure 4.8 shows the measurement of (); for each cavity versus pulse count.
Notice that there are large discrepancies between the measurements in the time and
frequency-domain even at the beginning of the high-power test when the cavities were
almost identical. This is due to the fact that one cavity is driven half a Q-bandwidth
off resonance while the properties of the other cavity is measured. Both cavities show
a degradation in @)y, for the first 30 million pulses. However, (), increases in cavity 1
after 30 million pulses almost back to its beginning value at the end of the high-power
test. Since we know that ().,; must be decreasing over time due to the increase in size
of the coupling aperture, )y would have to increase in order for ()7, to increase. This
is the opposite of what we expect to occur from surface damage. We believe these
measurements do not correctly reflect the change in the properties of the cavities over

time because of the interference that results from the measurement of reflected power



CHAPTER 4. RESULTS 149

x 10° x 10"

21

1.

® ©
HOH
%—1

o 1. %} % (& 026
1.7 % (ﬁ) %}%} 24
16
% 2.2
15 ‘ : : : : : : :
0 10 50 60 0 10 20 30 40 50 60

20 30 40
Pulse Count (Millions) Pulse Count (Millions)

Figure 4.9: @)y for cavity 1 (left) and cavity 2 (right) as a function of pulse count for
a 120 K temperature rise on the endcap surfaces.

due to the mismatch of the cavities with respect to each other.

Figure 4.9 shows the value of Qy = @ (1 + () for each cavity versus pulse count.
The discrepancies between the measurement of )y in the time and frequency-domain
at the end of the high-power test are large (30% for cavity 1 and 60% for cavity 2.)
The estimation of the errors do not account for such large discrepancies. Also, both
cavities display behavior that is contrary to what we expect to occur during damage.
Figure 4.9 shows that () for cavity 1 increases after 30 million pulses and @y for
cavity 2 did not change much during the entire pulse range. We only expect @)y to
decrease.

In conclusion, measurements of the properties of the cavities in the frequency-
domain conducted at the beginning and end of the data taking run show degradation
in both )y and ()., for both cavities. The measurements of [ in the time-domain
are consistent with measurements taken with a network analzyer when the systematic
errors due to the calibration of the couplers are considered. Hence, Figure 4.5 seems
to be a good indication of the change in the properties of the cavities over time. This
is reasonable since the mismatch of the test cavities and the klystron will change
the actual forward power to each cavity. This will change the steady-state reflected
power from each cavity by the same ratio and should not affect the determination of

B. However, (), is determined by fitting an exponential to the decay of power out of
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each cavity after the RF pulse turns off. Due to the mismatches of the test cavities
and the klystron described above, the characteristic decays from each test cavity and
the klystron output cavity will be mixed. The measurement of (); will be affected
and the large discrepancies between the time and frequency domains indicate that
the measurement of ();, in the time domain is unreliable. Hence, the variation of Qg

and Q.. over time cannot be properly isolated.

4.1.4 Endcap Removal

At the end of the high-power test, the vacuum in the cavities was broken with a
nitrogen purge. The cavity properties were measured with a network analyzer; the
results are given in Table 4.1. The pistons with the endcaps attached were removed
from the cavities, and the endcaps were carefully removed from the pistons using a
lathe (see Section 2.1.5). The surface of the endcaps were protected with a ceramic
cover at all times, and all parts were handled with gloves and covered with aluminum
foil that was cleaned for vacuum. Afterwards, the surfaces of the endcaps were in-
spected visually and with a scanning electron microscope. The inner cross-section of
one endcap was also inspected. See Table 2.3 for the preparation of the surfaces of
the copper endcaps for the high-power test.

Each endcap is labeled uniquely with a three character designation. The first
character is the cavity number. The second character is L or R whether the endcap
is on the left or the right side of the cavity looking from the high-power coupler.
The last character is the test number. For the first high-power test, the endcaps are
labeled 1L1, 1R1, 2L1 and 2R1. For the second high-power test, the endcaps are 1L2
and 1R2.

4.1.5 Visual Inspection of Copper Endcap Surface

Each copper endcap is made from polycrystalline OFE copper. This means the struc-
ture at the surface is made from crystal grains whose lattices are oriented in a generally
random direction with respect to each other. This is not completely true due to the

nature of how the copper material was formed, but it is a good approximation for our
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Figure 4.10: Picture of endcap 2L1. A change in the crystal grains is visible even
in the region where the temperature rise was lower by 10% as explained in the next
section. The tarnish from the sputtering of copper is on the lower part of the endcap.

study. The intersections of these grains are known as grain boundaries.

A visible change in the surface of all four endcaps is obvious with the naked eye.
Figure 4.10 shows endcap 2L1 still attached to a piston as well as a snapshot from
the top. In both of these pictures an obvious change in the crystal grains is visible in
the region where the temperature rise is maximum, which is approximately half-way
between the center and the outer radius of the endcap. In this area in which there
is high-amplitude cyclic straining, steps may form in crystal grain boundaries with
height differences on the order of pums [7, p. 126]. This would change the direction
of light specularly reflected from the surface, which will cause a contrast between the

grains in the fatigued area compared to the rest of the surface.

Tarnish

Also visible is a tarnish of the surface. The tarnish is thicker at the outer radius and at
the azimuth closest to the high-power coupling aperture. The next section will show
that the tarnish is due to copper globules. These copper globules were sputtered onto
the surface of the endcaps from fatigue damage and RF breakdown that occurred

at the high-power coupling aperture. Because these copper globules may add to the
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surface roughness of the cavity, we cannot conclude that the degradation in (g shown
in Table 4.1 is completely due to cracks from pulsed heating. However, the table also
shows that the aperture for cavity 2 changed more than cavity 1 yet cavity 1 suffered
a larger Q degradation. This would indicate there is no direct correlation between

the amount of aperture damage and the amount of Q degradation.

Multipacting

Also visible on the endcap surface are black patches that appear on the half of the
endcap that is closest to the coupling aperture. We believe these patches are due to
multipacting since they occur mostly in pairs. Since the magnetic field is radial at
the endcap surface, electrons emitted from the surface will orbit around the magnetic
field lines. At the time that the electron comes back to the surface to cause another
electron to be emitted, the magnetic field goes through 180 ° phase shift to allow
the next emitted electron to travel on a reverse trajectory. Thus one electron must
complete an orbit in one-half of an RF period. This restricts the energy of the
electrons.

If we assume a perfectly semi-circular orbit for the electron, then equating the

centripetal force with the force from the magnetic field gives

MV

H= :
piere

(4.7)

where m, is the mass of the electron, v is the electron’s velocity and r, is the radius
of its orbit around the magnetic field. Since the orbit must be completed in one-half

of an RF period
TTe

Trr
2

where Tgp is the RF period and frp is the RF frequency. Thus the strength of the

= 277e fRrE, (4.8)

magnetic field must be
27 frEMe

e
For frrp = 11.424 GHz, H = 0.32 MA/m. Using the initial values given in Table 4.1
with an 8.5 MW, 1.25 us pulse, the maximum magnetic field on the surface of the

H= (4.9)
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endcap is 0.47 MA /m. This is in good agreement with the previous result considering
that the actual orbit of the electron will not be perfectly circular. The azimuthal
electric field will affect the electron trajectory, thus affecting the required magnetic
field.

On average, the distance between each pair of patches on the surface is approxi-
mately 2 mm which gives 7. = 1 mm. If we continue to use the assumption that the
orbit is perfectly semi-circular, then equation (4.8) gives a kinetic energy of 15 keV
for the electron. It is possible for the electron to receive such energy from the az-
imuthal electric field. The maximum electric field occurs at the same radius in the
cavity as the surface magnetic field on the endcap, but in the middle of the cavity
at z=0. For the above parameters, the maximum field strength is approximately
260 MV /m. Therefore, the electron with an orbital radius of 1 mm will experience
an electric field strength of approximately 40 MV /m at its maximum excursion from
the surface of the endcap. However, a perpendicular electric field is required on the
endcap for an electron to be emitted from the surface. A perfect TEy;; mode will
only have azimuthal electric fields. It is likely that a tilt of the surface of the endcap
due to a misalignment of the vacuum flanges of the piston and the cavity caused a
small perpendicular component of the electric field to occur on the surface.

According to a GdfidLL simulation in the time-domain, the maximum magnetic
field on the endcap closest to the azimuth of the high-power coupling aperture is
approximately 5% higher than on the spot diametrically opposite of it. Since multi-
pacting only occurs over a small range of energies, this may explain why dark patches
are only seen on one half of the endcap. That half of the endcap is the half closest to

the high-power coupling aperture.

4.1.6 Damage to High-Power Coupling Aperture

In Figure 4.11, we see the high-power coupling aperture of cavity 1 after the first
high-power test. The magnetic field is in the up-down direction of the picture and the
electric field is in the left-right direction near the aperture. The aperture is rounded

in the direction of the magnetic field, which suggests the damage is due to heating.
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Figure 4.11: A picture of the high-power coupling aperture of cavity 1 after the first
high-power test. Near the aperture, the magnetic field is in the up-down direction
and the electric field is in the left-right direction. The aperture has been rounded
in the up-down direction, and pitting has occured to the left and the right of the
aperture.

According to simulations using HFSS [2], which solves for the fields in steady-state,
the magnetic field at the edge of the aperture is approximately 0.7 MA/m for an
input power of 8.5 MW. The maximum magnetic field on the endcap at this power
is approximately 0.5 MA/m. Therefore the temperature rise is almost twice as high
on the coupling aperture than on the endcap. The electric field on the aperture is
approximately 85 MV /m, which is sufficient to cause RF breakdown.

A likely explanation of the damage to the coupling aperture is fatigue due to pulsed
heating. As cracks develop in the aperture region, the heating will increase due to the
larger electrical resistivity. The increased heating will cause more cracks to develop
and increase the size of cracks that already exist. Eventually, local melting will result.
Metal will evaporate and spray from these cracks [23, Ch. 7]. The aperture increased
in size on the cavity side which explains the drop in external Q shown in Table 4.1.

Although the copper endcaps were the main test pieces of the pulsed heating
experiment, the damage that occurred at the high-power coupling apertures sets
another limit. It shows that a temperature rise of approximately 250 °C will cause
extensive damage after 50 million pulses. The damage occurred before this time, but

we could not accurately assess the time at which the damage became significant as
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shown in Figure 4.11.

4.1.7 Internal Cross-Section

Endcap 2L1 was cut along a diameter and polished to view the cross-section. Mag-
nified scans were taken at the center of the endcap and in the region in which the
maximum temperature rise occurred. No cracks were found in the center of the end-
cap where the temperature rise is close to zero. Less than 10 cracks are visible in the
region of maximum temperature rise at magnifications up to 1000, and only 2 cracks
are longer than 10 pm. Figure 4.12 shows both of these cracks. These cracks were
first created at the surface and then propagated internally, because higher stresses
and strains occur at the surface than in the interior of the metal [22, p. 66]. Once
cracks nucleate at the surface, stress is amplified near the crack tips leading to further
crack propagation. However, only a few cracks will actually propagate internally to
cause fracture as compared to the amount of cracks that are nucleated at the surface.
As will be shown in Section 4.1.8, many cracks do occur on the surface as compared
to internal cracks.

The crystal lattice structure of copper is face-centered cubic. This configuration
contains 12 slip planes, which are planes at which the atoms can move most easily
along one another in the lattice. Microcracks nucleate due to slip processes and lie
predominantly along slip planes [7, p. 59]. Slip occurs when the shear stress along
a slip plane is above a critical value[49, Sec. 6.2.3]. Slip may be seen as striations
on the surface and some examples will be shown in Section 4.1.8. In the case of the
copper endcaps, the normal stress axis occurs parallel to the surface; therefore, the
maximum shear stress occurs along a plane inclined at 45 ° to the copper surface as
shown in Figure 4.13. For polycrystalline copper, only grains that have slip planes
oriented close to this angle will show slip if the stress is large enough.

Notice in Figure 4.12 that the two large cracks begin propagating at roughly 45 °
to the surface within the first few um into the surface. This is known as Stage I

crack propagation where cracks will propagate along the slip plane. Stage II crack
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Figure 4.12: An internal cross-section of endcap 2L1 in the region of maximum tem-
perature rise on the surface. The endcap surface is the boundary between the white
and black regions of the pictures. The crack on the top propagated 25 um into the
surface before reaching an internal grain boundary. The crack on the bottom propa-
gated 15 um into the surface.
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Figure 4.13: A schematic of the creation of intrusions and extrustions on the surface
due to fatigue slip bands. The slip bands are at an interior angle of 45 ° due to stress
in the lateral direction.

propagation occurs when the cracks propagate perpendicular to the surface and per-
pendicular to the stress axis [7, p. 60], which is also shown to occur in Figure 4.12.
Fracture of specimens occur due to the propagation of Stage II cracks. Since the
depth of the copper endcaps is 3 mm and the longest crack shown is 25 um, fracture

would not occur for some time but may be inevitable at this stress level.

4.1.8 Scanning Electron Microscope Inspection of Copper

Endcap Surface

Each endcap was inspected with a scanning electron microscope (SEM) using sec-
ondary scattering with a 5 kV beam. First, scans were taken along a random diame-
ter of each endcap. Cracks are only visible in the region where the maximum heating
occurred at a radius of 10.6 mm. The thickness of this region is approximately 4
to 5 mm for each endcap. No other damage is visible on the surface except at the
region where the fields scattered from the diagnostic coupling aperture. This only
occured on endcaps 1R1 and 2R1 because they are nearest to the diagnostic coupling
aperture.

Second, scans were taken around the region of maximum heating at different
magnifications. One such region is shown on the left of Figure 4.14. Numerous cracks
are visible on the surface of endcap 1L1. The bumps that occur on the surface are due
to copper globules being sputtered onto the endcaps from the coupling aperture. For
comparison, the center of the endcap is shown on the right of Figure 4.14. No cracks

are visible in the center where the temperature rise is close to zero. A few close-ups
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Figure 4.14: Comparison snapshot of a region of maximum temperature rise on the
left and a region of zero temperature rise on the right for endcap 1L1. The length
scale is 100.7 pm.

of some of the cracks are shown in Figure 4.15. The copper globules sputtered on
the surface are most dense near the outer radius where no cracks are visible. This
suggests that the copper gobules are not responsible for the nucleation of cracks on
the surface.

As mentioned earlier, some crystal grains will show signs of slip if they have the
proper orientation. Figure 4.16 shows an example of these slip bands as striations
on the surface. Slip bands are created from stress relaxation of the surface due
to plastic deformation, which results in surface intrusions and extrusions as shown
schematically in Figure 4.13. Surface intrusions create a notch effect for possible
nucleation of microcracks as demonstrated on the right of Figure 4.16 [7, p. 60]. In
general, crack propagation along the surface is perpendicular to fatigue striations [22,
p. 95].

Figure 4.17 demonstrates another instance of slip bands in which the grain bound-
ary is evident where the slip bands suddenly stop. On the right of the figure is a
close-up of some of these slip bands in which some cracks are also evident at the base
of the slip bands.
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Figure 4.15: Two close-ups of cracks appearing on the left of Figure 4.14. The legnth
scale is 10 pm.

Figure 4.16: Fatigue slip bands on a particular crystal grain in the area of maximum
temperature rise on endcap 2R1. The picture on the right is a close-up of these slip
bands in which some microcracks are evident at the base of the slip bands. The scale
is 100.7 pm on the left and 10.1 um on the right.
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Figure 4.17: Fatigue slip bands on a particular crystal grain in the area of maximum
temperature rise on endcap 2R1. A grain boundary is evident at the left of the picture
on the left where the slip bands suddenly stop. The picture on the right is a close-up
of these slip bands in which some microcracks are evident at the base of the slip
bands. The length scale is 100.7 um on the left and 10.1 um on the right.

Other than slip bands, another common site for crack nucleations are grain bound-
aries [22, p. 67]. Usually cracks nucleate because grain boundaries are obstacles
against slip bands if the neighboring grain is incompatible with the slip plane. Hence,
grain boundaries can be seen at the point where slip bands suddenly stop. Figure 4.18
shows such an example. The transition between the whitening caused by slip bands
and the rest of the surface is the grain boundary. Figure 4.19 shows two close-ups of
grain-boundary cracks.

Figure 4.20 is another example of cracks along grain boundaries. In the picture on
the left, the transition between the area with whitening from the slip bands and the
area without the slip bands is clear. A close-up of of the grain-boundary crack is on the
right. Notice that the striations of the slip bands end at the crack. Grain boundaries
act as natural barriers for slip bands, because the neighboring grains usually have
incompatible orientations to allow slip bands to propagate across the boundary. The
enhanced stress from this incompatibility may lead to crack nucleation at the grain

boundary. Appendix B contains more examples of cracks along grain boundaries.
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Figure 4.18: Instance of cracks occuring along grain boundaries on endcap 1L1. The
length scale is 100.7 pwm.

Figure 4.19: Two close-ups of cracks appearing in Figure 4.18. On the left, the crack
occurs between an area with slip bands and an area with no such structure. On the
right, cracks not only occur along a grain boundary near the top, but also along the
slip bands. The length scale is 10 pm.
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Figure 4.20: Grain-boundary cracks on endcap 2R1 in the area of maximum tem-
perature rise. The grain boundary is the transition where the whitening due to slip
bands stop. A close-up of one crack is on the rightwhere the grain boundary is clear.
The length scales are 100.7 um and 10.1 pm respectively.

It is not obvious that all cracks occur along grain boundaries or as a result of
surface relaxation due to slip. Figure 4.21 shows one example in which several micro-
cracks are present in random directions. Figure 4.22 shows some close-ups of these
cracks.

Scans were completed along random diameters of each endcap at the same mag-
nification. Each snapshot corresponded to an area approximately 0.9 mm by 0.9 mm.
If a snapshot showed damage in the form of fatigue slip bands or surface roughening,
then an arbitrary value 1.2 was assigned. If that area contained at least one crack,
then a value of 1 was assigned. If the area showed no signs of damage, then a value
of 0 was assigned. Figure 4.23 shows the results of these scans.

In general, the scans indicate that surface roughening from fatigue is a precursor
for crack nucleation, because most of the regions containing cracks are within the
regions of surface roughness. Also, the bands generally surround the expected area
of maximum temperature rise at the radius of 10.6 mm. The widths of these regions
are listed in Table 4.4. The variation in the widths of damage reported in Table 4.4

among each endcap is due to the location of the scanned diameter with respect to the
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Figure 4.21: Cracks occuring in area of maximum temperature rise on endcap 1L1.
No obvious signs of slip bands or grain boundaries are evident. The length scale is
100.7 pum.

Figure 4.22: Close-ups of two cracks from Figure 4.21. The scale is 10.1 pm.
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Figure 4.23: Random scans along diameters of each endcap. The solid line corre-
sponds to regions of surface roughening and the dotted line is for regions that contain
cracks on the surface.

Region 1L1 1R1 2L1 2R1

(mm) (mm) (mm) (mm)
Roughness | 6.4 | 4.5 | 3.8 13239463226
Cracks 5113807582632 0 |19

Table 4.4: Widths of regions of surface roughening and cracks for each endcap from
first high-power test.
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Endcap | Average Radius (mm) | Standard Deviation (mm)
1L1 10.4 1.3
1R1 11.3 0.9
2L1 10.5 1.4
2R1 11.1 1.1

Table 4.5: Average radius and standard deviation of the distribution of crack positions
shown in Figure 4.24 for each endcap.

azimuth of the high-power coupling aperture. The widths are generally larger when
the scanned diameter is closer to the aperture. This feature is largely explained by
the higher temperature rise in this area which is discussed later.

Endcap 1R1 contains an example in which cracks are visible outside regions of
surface roughening. This is a scan along one random diameter and is not indicative
of a general pattern. It is possible that signs of surface roughening or slip bands were
not obvious in this region due to the clutter from the sputtered copper globules on
the surface. The random scans taken along the other endcaps do indicate a general
pattern that cracks occur within the region of surface roughening.

Figure 4.24 shows the positions at which higher magnification scans were taken of
cracks on the endcaps. Zero degrees is the approximate azimuth of the plane of the
high-power coupling aperture. These scans were taken of some of the cracks present.
They do not represent every crack that occurs on the surface of the endcaps. In fact,
these scans are in areas where the crack density seemed largest when compared to
other regions along the radius. This was determined simply by looking at the number
of cracks present in different regions at the same magnification. The distribution
shown for endcap 2L1 is limited because it is the first endcap that was investigated
with an SEM. By the time techniques were improved in scanning the other endcaps,
211 was already cut to look at its cross-section. Table 4.5 shows the average radius
and standard deviation of the distribution of cracks shown in Figure 4.24 for each
endcap.

Notice that the distribution of cracks shown in these plots are more dense near

zero degrees. From a GdfidL simulation in the time-domain, the magnetic field on
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270
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Figure 4.24: Positions of cracks in the densest areas on the copper endcaps. The
radius is in mm. The azimuth of the high-power couping aperture occurs at 0 °.
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the endcap at 180 ° is approximately 5% lower than the field at 0 °. The field at 0 °
is equal to the estimation given by equation (A.115). Hence the temperature rise is
approximately 10% lower at 180 ° than expected. A difference in temperature of 10 K
to 15 K can make a large difference in the number of cracks that are visible.

For documentation purposes, additional pictures of damage to the endcap surfaces

are presented in Appendix B.

4.2 Second Test

Only one cavity is used in this test setup for the second experimental run. The
diagnostic mode was used in this run to measure pulsed temperature rise and changes
in cavity Q. We used the same XL-3 50 MW klystron from the previous run for the
high-power RF source. However, a different test area was used in this experiment due
to space availability. The main difference of this test area, which will be shown in the
next sections, was the proximity of the modulator to the test setup. The modulator
caused electrical noise on the waveforms of the measured forward and reflected high
power to the cavity.

The cavity chosen for this experimental run is cavity 1 from the previous run.
Since the high-power coupling aperture has already been processed with high power,
it was conjectured that the run-up time for RF processing would be shorter and
the sputtering of copper onto the endcaps would be less. The vacuum in the cavity

throughout the run is 10~ Torr.

4.2.1 Run-Up Procedure

The run-up procedure used in this experimental run is similar to the one described in
Section 4.1.1. In this situation, only one week was needed to reach full power. Due
to an error in the calibration of the cross-guide couplers used in the measurement
of forward power, the input power to the cavity is 7.3 MW instead of the desired
8.5 MW. At this power level, not much RF breakdown occurred within the cavity as

compared to the previous run.
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Figure 4.25: Forward power waveform for TEy; mode measured with a crystal de-
tector. The waveform on the right has been low-pass filtered with an FFT using a
cut-off frequency of 3 MHz.

4.2.2 Measurement of RF Power

The technique of measuring the forward and reflected high power to and from the
cavity is described in Section 4.1.2. As noted previously, the additional noise on
the waveforms due to the proximity of the modulator to the test setup has made
the measurements more difficult using crystal detectors. Typical examples of these
waveforms are shown in Figures 4.25-4.26.

The forward and reflected power to the cavity were measured with cross-guide
couplers attached to a 55-dB directional coupler. The systematic error described in
Section 4.1.2 was reduced to £+ 0.2 dBm due to improved measurement techniques
with the network analyzer. The forward arm had two cross-guide couplers attached so
that forward power could be measured with both a crystal detector and a peak-power
analyzer. The noise from the modulator did not affect the peak-power analyzer. The
reflected power was measured with a cross-guide coupler and a crystal detector.

The noise from the modulator shows a predictable pattern on the waveforms as
shown on the left of Figures 4.25-4.26. It has two effects on the results. The first
effect is the obvious ripple that occurs along the steady-state value of power. The
second effect is the change in the amplitude of the zero baseline. It does not occur at
zero volts on the oscilloscope. To determine the actual power, the ripple must either

be removed by using the mean value of the ripple or by using a low-pass filter on a
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Figure 4.26: Reflected power waveform for TEp; mode measured with a crystal
detector. The waveform on the right has been low-pass filtered with an FF'T using a

cut-off frequency of 5 MHz.

Initial Qg Final Qg Initial Q.. | Final Q.. | Initial Q7 | Final Qp,
17750 £ 360 | 16870 4+ 310 | 6850 4+ 220 | 6200 4+ 180 | 4940 4+ 40 | 4530 + 40
Initial 3 Final £
2.59 4+ .07 | 2.72 £ .06

Table 4.6: Cavity Q measurements of TEy; mode of cavity 1 using a HP8510C
network analyzer before and after the second high-power test. The resonant frequency
is 11.425 GHz. The errors are due to errors from fits to the data.

Fourier transform of the waveform to reduce the effects of the ripple. The right side
of Figures 4.25-4.26 shows an example in which the ripples are removed with Fourier
transforms. Although a peak power analyzer was used to independently determine
the forward power, the waveforms measured with the crystal detectors are important

for determining the coupling coefficient and Q of the TEy;; mode of the cavity.

4.2.3 High-Power Results

Table 4.6 shows the values of the cavity Q for the TEy;; mode before the start of the
high-power test. Table 4.7 shows the values of the cavity () for the TEj;5 mode before
the start of the high-power test. The results from using both methods described in
Sections A.4.3—A.4.4 are shown in the table for consistency. In the “Loss Subtract”
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Method Initial Qg Final Qg Initial @y, Final @)y,
Loss Subtract | 20760 £ 240 | 19200 £ 230 | 10940 £ 100 | 10260 £ 100
Loss Fit 20380 £ 360 | 18570 £ 320 | 10940 + 140 | 10140 + 120
Method Initial Q1 eyt | Final Q1 epr | Initial Q2 eqy Final Q2 ¢s
Loss Subtract | 27140 + 470 | 25880 4+ 470 | 157000 + 6300 | 147500 4+ 5900
Loss Fit 28180 + 850 | 26920 4 910 | 144500 + 5400 | 130800 % 5100
Method Initial 5, | Final g, Initial (3, Final (3,
Loss Subtract | 0.77 +.01 | 0.74 £ .01 | 0.13 £ .005 | 0.13 £ .005
Loss Fit 0.72+.02 | 0.69+ .02 | 0.14 +.005 | 0.14 4+ .005

Table 4.7: Cavity Q measurements of TEy, mode of cavity 1 using a HP8510C
network analyzer before and after the second high-power test. “Loss Subtract” is
based from the method described in Section A.4.3 and “Loss Fit” is the method
described in Section A.4.4. The resonant frequency is 17.85 GHz.

method listed in Table 4.7, the loss in the coupling in each port is determined by
measuring the value of the reflection far from resonance. In the case of lossless
coupling, the reflection should be close to 1. For lossy coupling, the reflection will
reach steady-state at a value less than 1 due to the loss of power from the coupling
mechanism. This value can be subtracted from the measurement to determine the
actual coupling to the cavity.

In the course of the experiment, we discovered that the RF properties for the TEgo
were sensitive to small changes in the resonant frequency. During the experiment,
the cavity is tuned such that under high power the resonant frequency is approxi-
mately 17.85 GHz. Since measurements were also obtained in the time-domain under
low power in which the resonant frequency of the TEys increased to approximately
17.856 GHz, the properties of this mode were also characterized at this frequency after
the completion of the high-power test. These measurements are given in Table 4.8.

Both methods for determining Q are within 5% of each other; therefore, both
methods are consistent. We will use the results from the “Loss Fit” method, since they
involve fitting data with the real and imaginary parts of the measured S-parameters.
The “Loss Subtract” method only considers the magnitude of the S-parameters and
is not fit to the data.
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Method QO QL Ql,ea:t QQ,ext
Loss Fit | 17860 £ 320 | 10140 4 130 | 26820 £ 940 | 186000 4 10000
Method Ioh B

Loss Fit | 0.67 .02 | 0.10 £ .005

Table 4.8: Cavity Q measurements of TEy, mode of cavity 1 using a HP8510C
network analyzer after the second high-power test. The resonant frequency is
17.856 GHz.

The differences in the properties of the TEy 5, mode due to small changes in fre-
quency are likely due to the proximity of the diagnostic coupling aperture to one of
the endcaps. Since this mode is driven asymmetrically, small changes to the cavity
length can cause a large shift in the mode’s RF properties because it changes the
symmetry of the fields. A similar effect is noticed with a small change in the length
of the endcap grooves to remove mode degeneracies as reported in Section 2.1.7.

Using the values given in Tables 4.6-4.7 with an 7.3 MW, 1.5 ps pulse in the
equations presented in Section 3.3.2 gives a temperature rise of 82 K £3 K. The
error in the calculated temperature rise comes from the range of input power due
to systematic error, 7.3 MW +0.3 MW. At this power level, the error is dominated
by systematics. Consequently, the temperature rise on the cylindrical sidewall is
calculated to be 73 K £3 K. The temperature rise along the sidewall is no longer 1/2
that of the endcaps due to the differences in the resistivities described below.

The experiment was run at the temperature rise of 82 K for 8.6 x 107 pulses.
Afterwards, the cavity was removed from the test setup and its (3 was measured with
a network analyzer. The results are given in Tables 4.6-4.7. Just as with the first
high-power test, both the unloaded and the external Q’s are lower than their initial
values. These changes are explained in Section 4.2.4.

Since the surfaces of the endcaps are cut to a mirror-finish and the cavity sidewall
has had damage from a previous high-power test, we expect the resistivities to be
different on these surfaces. By separating the resistivities on the endcaps and the
sidewall and using equation (A.73) for the Q’s of the TEy; and TEgy 2 modes, the
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Test Pend Pwall
(x107®* Q-m) | (x107% Q- m)
Initial 1.73+£ .11 5.1+£.7
Final 2.20£ .13 4.7 .7

Table 4.9: Electrical resistivities of the endcaps and cavity sidewall before and after
the second high-power test. This assumes the resistivities are constant across the
surface. The reported errors are due to errors in the determination of QQ for each
mode.

different resistivities of the endcaps, penq, and the sidewall, pyq;, are given by

W2 002 2
= A 012 “on , 4.10a
Pend (Qom Qon (4.10a)
5/2 5/2\ 2
w 4w
wa =B 02 0Ll s 4.10b
puat (Qom Qon (4105
_ o pd
A= oy (4.10¢)
R
18 (zp,) ¢

where R is the radius of the cavity and d is its length. Using the fitted Q’s given
in Tables 4.6-4.7 the electrical resistivities of the endcaps and the sidewall are given
in Table 4.9. The theoretical resistivity at room temperature for pure copper is
1.717 x 107® Q - m, which is close to the initial value measured for the endcaps. If
the resistivity is constant along the endcap surface after the high-power test, then the
resistivity increased by 27%. This is a lower bound on the resistivity change.

The values given in Table 4.9 so far assume that the resistivity is constant along
each of the surfaces. This is a good approximation before the high-power test; how-
ever, after the test the damage to the endcaps shown in Sections 4.2.4-4.2.5 indicate
that the resistivity will be different within a band around the area of maximum tem-
perature rise. The maximum temperature rise occurs at a radius r = .4805R. Letting

Pena,1 e the resistivity inside the band of damage, r = .4805R =+ 7}, and penq2 the
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Tp Pend,1 p change
(mm) | (x107% Q- m) %
1.0 5.0+ 1.0 186
1.5 3.8+ 0.6 117
2.0 3.2+0.5 87
2.5 3.0+04 72
3.0 2.84+0.3 62
3.5 27+0.3 57
4.0 2.7+0.3 55

173

Table 4.10: Electrical resisitivities of the endcaps in the band of damage after the

second test. pepgo = 1.73 X 1072 Q- m. pyay = 4.7 x 1078 Q- m.

resistivity along the rest of the endcap we have
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(4.11a)

(4.11D)

(4.11¢)

(4.11d)

(4.11e)

(4.11f)

(4.11g)

where we approximate pe,q2 as the initial value before the high-power test. Table 4.10

lists the resistivities after the high-power tests assuming different sizes of the band

of damage around the area of maximum temperature rise.

The band of damage

discussed in Section 4.2.4 has an approximate width between 7 to 8 mm. Thus,
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Brom | 2.16 £ .04
Biow | 2.08 & .04
Brign | 2.25 £ .04
Breq | 2.72 % .06

Table 4.11: Measurement of 3 at the end of the second high-power test in the time and
frequency domains. The range of values in the time-domain are due to the systematic
errors in the measurement of power.

Table 4.10 indicates that the resistivity in the area of maximum damage along the
endcap increased between 25% and 60%. The resistivity of the sidewall changed less
than 8%. The width of damage on the endcaps corresponds to a range of temperature
rise from 65 K to 82 K.

Since the temperature rise is proportional to the square-root of electrical resistiv-
ity, the temperature is expected to increase over time as the copper surface becomes
degraded from fatigue damage. With these resistivity increases, the maximum tem-
perature rise on the endcaps increased between 10% to 25% to between 90 K and
105 K. Over time, the resistivity is expected to increase due to further damage from

an increased temperature rise, which leads to thermal runaway.

Measurement of Coupling Coefficient and Cavity Q of TE;;; Mode

The same procedure described in Section 4.1.3 is used to measure and calculate the
coupling coefficient and cavity Q’s for the TEg;; mode of the cavity. The only dif-
ference occurs with the determination of the coupling coefficient from noisy data.
The noise on the waveforms is reduced by low-pass filtering the waveform’s Fourier
transforms as shown in Figures 4.25-4.26.

As described previously, the coupling coefficient is determined by using equa-
tion (4.2). The reflected power is measured at its steady-state value just before the
input RF pulse turns off. Table 4.11 compares the measurement of the coupling
coefficient made in the time-domain at the end of the high-power test with the mea-
surement made in the frequency-domain after the high-power test. The range of

values of the measurement in the time-domain is due to the systematic error in the
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Figure 4.27: Reflected waveform from TEg;; mode at the end of the second high-power
test. The fit of the waveform using linear least-squares is on the right.

measurement of power of £0.2 dB. The random error is due to the residual noise left
on the waveforms after the use of Fourier transforms to filter the noise. Although the
random error in the measurement of power depends on the amplitude of the voltage
measured on the oscilloscope with crystal detectors, the amplitude is measured at a
consistent value throughout the experiment. Hence, the average random error of the
measurement, of forward and reflected power for the determination of g is 0.1 dB.
As shown in Table 4.11, systematic error dominates the measurement of 5. The
discrepancy between the nominal values of § in the time and frequency domains is
20%.

The measurement of loaded Q involves the same procedure as with the first high-
power test. No Fourier transforms are necessary to reduce the noise since the signal-
to-noise ratio is large for this measurement. Equation (4.6) is used to fit to the decay
of the power out of the cavity when the RF input pulse turns off. The waveform of
the last data set is shown on the left of Figure 4.27 along with its fit using linear
least-squares on the right (see equation (4.6)). A comparison of the measurements of
the loaded Q in the time and frequency domains at the end of the high-power test is
given in Table 4.12. The discrepancy between the measured values is 3%.

Figure 4.28 shows the results of the measurements of 5 and loaded Q for the
TEp;; mode of the cavity over the course of the high-power test. The pulse count

was measured with an event counter as described in Section 2.3.2. After 15 million
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Q1.time | 4680 £ 40
QL. freq | 4530 & 40

Table 4.12: Measurement of (7, in the time and frequency domains at the end of the
second high-power test. The errors are due to errors from the fit to the data.
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Figure 4.28: Measurement of 5 and loaded Q of the TEy;; mode during the second
high-power test.

pulses, the random error was reduced by decreasing the attenuation of reflected power
measured by the crystal detector at the risk of destroying the detector over time. The
increased amplitude output by the detector increased the signal-to-noise ratio, thus
the error in the determinatin of § decreased from +0.2 to £0.04.

The measurement of 3 over time indicates that the coupling to the TEy;; mode re-
mained mostly constant. The frequency-domain measurements listed in Table 4.6 are
in agreement with this conclusion. However, the discrepancy between these two mea-
surements is 20% and are not consistent with each other when including systematic
and random errors.

Table 4.6 indicates the loaded Q for the TEq;; mode decreased by 8%. Although
the measurement of ()7, over time is in rough agreement with this small change, it is
difficult to discern any pattern due to the scatter of the data.

At 40 and 78 million pulses, there is a sharp change in the measured values of
(1. This occurred at the time the cross-guide couplers from the branch of the 55-

dB directional coupler used to measure forward power were removed to re-calibrate
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Figure 4.29: Measurement of ()y during the second high-power test.

the attenuation factor. They were placed back in their original position afterwards.
Interestingly, ()7, is determined only from the measurement of reflected power. This
suggests the existence of a standing-wave in the coupling arm of the directional cou-
pler, which is depicted as branches 3 and 4 in Figure 4.2. Each time the forward
cross-guide couplers are replaced, the match looking into the couplers change. This
will change the strength of the standing-wave and affect the measurement of forward
and reflected power.

Figure 4.29 shows the measurement of unloaded Q of the TEy;; mode determined
by Qo = Qr(1+ ). Due to the scatter of data from the measurement of @), it is also
difficult to discern a general pattern in the value of )y over time. Table 4.6 indicates
that @)y decreased by 5% which is in rough agreement with the data scatter shown in
Figure 4.29. However, there is a discrepancy in the measured values of )y due to the
discrepancy in the measured values of .

Table 4.6 also indicates that )y and Q.,; decreased by roughly the same percent-
age. This explains the somewhat constant value measured for 5. Therefore, )y and
ezt degraded at roughly the same rate.

The drop in Q¢ is due to damage to the high-power coupling aperture, which
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Figure 4.30: Forward and reflected waveforms from TEg5 mode using crystal detec-
tors.

effectively increased the diameter of the coupling hole. However, the damage is not as
extensive as with the first high-power test because of the lower power and decreased
field enhancement. The drop in )y is due to the increase in electrical resistivity of

the surface of the endcaps discussed earlier.

Measurement of Coupling Coefficients and Cavity Q of TE;, Mode

The coupling coefficients and cavity Q of the TEy 2 mode were measured with the
setup shown in Figure 2.42. The details of this setup is described in Section 2.3.1.
The forward and reflected waveforms measured with the crystal detectors and
quadrature mixer do not suffer from modulator noise since they are measured be-
tween klystron pulses. Typical waveforms from the crystal detectors are shown in
Figure 4.30. The acquisition of these waveforms were triggered near the low-power
RF pulse turn-off such that 5 and ()7 may be determined from the same trace.
Referring to Section A.4.3, we may use equation (A.154) to find the coupling
coefficient to the diagnostic port of the TEy» mode in the time-domain. Assuming

the cavity is filled by the end of the pulse (¢ — o0), the reflected power is simply

2[5

B=0=0h 7=

(4.12)
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ﬁl,time 51,freq
Hot | 0.65 4+ .005 | 0.69 £ .02
Cold | 0.61 +.005 | 0.67 + .02

Table 4.13: Measurement of 3; of TEy2 mode assuming 3, = .14 for the “Hot” case
and B, = 0.10 for the “Cold” case. “Hot” corresponds to f,., = 17.850 GHz and
“Cold” corresponds to f,..; = 17.856 GHz.

Hence the coupling coefficient for the diagnostic port is

b = ﬁ(l + Ba). (4.13)
The value of 3; depends on the value of 3. Since (3, cannot be measured directly
in the time-domain while the cavity is undergoing a high-power test, its value must
be assumed from an initial measurement conducted in the frequency-domain. Fortu-
nately the value of 3, changes only slightly during the experiment because this port
is weakly-coupled.

Table 4.13 shows a comparison of the measurements of 3; in the time and frequency
domains at the end of the high-power test. The random errors in the time-domain are
due to + 0.2 mV fluctuations which correspond to an approximate error of + 0.05 dB
at the steady-state value of power. (3; was measured at two different high-power levels,
because it was noticed that the RF properties of the TEg;2 mode were sensitive to
small changes in resonant frequency. The “Hot” case shown in Table 4.13 occurs
while the TEg;; mode is excited at full power corresponding to a resonant frequency
of 17.850 GHz for the TEy;2 mode. When the RF power was reduced to perform
measurements of the properties of the TEy;; mode, another set of measurements
were taken for the TEys mode while at a resonant frequency of 17.856 GHz. This
corresponds to the “Cold” case shown in the table. The discrepancies for either case
between the time and frequency domains is less than 10%.

Figure 4.31 shows the measurement of 3, for both “Hot” and “Cold” cases over
the course of the high-power test. Since the values of 3, are approximately constant

throughout the experiment, we assume their final values given in Tables 4.7-4.8.
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Figure 4.31: Measurement of 3; during the high-power test for both “Hot” (left) and
“Cold” (right) cases.

The scatter in the data is partly due to vibrations of the endcaps from the flow
of cooling water, because the endcaps were mounted on bellows that act like springs.
The vibrations are seen as fluctuations in the steady-state value of reflected power
from the TE(;, mode and only occur when water flows through the cooling channels
on the back of the endcaps. The resonant frequency fluctuates on the order of 50 kHz,
corresponding to length changes of less than 0.1 pwm.

Although there is a large scatter in the data, there is a general pattern of decreasing
p1 over time. This in agreement with the measurements in the frequency domain.
This is also expected from )y degradation due to fatigue damage on the surface of the
endcaps, which will be shown in Section 4.2.5. Although there is some degradation in
ety due to damage to the diagnostic coupling aperture, there is more degradation
of (Qy resulting in an overall decrease in [3;. Since the TEgy;2 mode is weakly-coupled
to the high-power coupler, a small change in Q¢ has little effect on /.

Table 4.14 shows a comparison between the measurements of (J; in the time and
frequency domains for both “Hot” and “Cold” cases. The discrepancy for either case
is less than 17%. The results, however, are inconsistent with each other. Figure 4.32
shows the measurement of ()7, for both “Hot” and “Cold” cases over the course of
the high-power test. Although there is a large scatter in the data, the average of the
data points suggests a discrepancy of approximately 20% in the measurements of Qr,

in the time and frequency domains. However, there is general decreasing trend in the
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Table 4.14: Measurement of () of TEg, mode.

QL,time QL,freq
Hot | 8450 £60 | 10140 £ 120
Cold | 9000 £ 80 | 10140 £ 130

17.850 GHz and “Cold” corresponds to f,.s = 17.856 GHz.
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Figure 4.32: Measurement of ();, during the high-power test for both “Hot” (left) and

“Cold”

(right) cases.
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Figure 4.33: Measurement of Qg during the high-power test for both “Hot” (left) and
“Cold” (right) cases.

value of (), that is in agreement with Table 4.7.

The inconsistency of these results could be due to two factors. The first is the
vibration of the endcaps due to water cooling discussed earlier. The second may be
due to the leakage of power out the high-power coupler. Although this is nominally
accounted for in (35, this assumes a matched load. There may be reflections from the
magic-tees and the klystron output cavity that could influence this measurement.

Figure 4.33 shows the measurement of )y for both “Hot” and “Cold” cases over
the course of the high-power test determined by Qo = Q1 (1+ 314 /52). The final values
given in Tables 4.7-4.8 were used for ;. Due to the discrepancies and data scatter
from the measurement of 3; and (), the determination of Q) suffers from the same
problems. However, a general decreasing trend in the value of (Qy exists in agreement
with Table 4.7. This is also in agreement with the expectation of a degrading )y due

to fatigue damage on the surface of the endcaps which will be shown in Section 4.2.5.

Measurement of Pulsed Temperature Rise

Using the experimental setup described in Section 2.3, the maximum pulsed tempera-
ture rise on the surface of the copper endcaps may be inferred from the measurement
of the change in Qg12 due to the heating from a high-power RF pulse. By measur-

ing the magnitude and phase of the reflected power from the TEj;5, mode using the
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Figure 4.34: Quadrature outputs from quadrature mixer during a typical measure-
ment of reflected power from TEqo mode.

quadrature mixer, the change in Qg1 can be determined from equations (3.97).

The quadrature outputs labeled I and Q from the mixer for a typical measurement
are shown in Figure 4.34. A constant DC-offset occurs in each output channel due to
leakage of power from the LO channel in the mixer. This offset must be subtracted
from the outputs first.

The mixer was calibrated inline by replacing the cavity with a signal generator
phase-locked to the generator that provides the LO power to the mixer. By measuring
the output amplitude of the mixer at known power levels into the intervening cables
and other components, the mixer output is easily correlated to the output power from
the cavity. By offsetting the frequency of the test generator from the LO generator, the
amplitude of the sine wave that occurs at the difference in frequency can be measured.
This procedure removes any ambiguities due to phase in the calibration setup. By
measuring the forward power to the cavity with a calibrated crystal detector, the
reflection coefficient is known. The phase is determined by taking the inverse tangent
of the ratio of the I and Q outputs. As long as the input RF power to the mixer is
below a certain level, the phase imbalance between the two outputs is less than 2 °.

Using the described calibration procedure, the magnitude of the reflection coeffi-
cient is shown in Figure 4.35 along with the theoretical prediction based on a calcu-
lated 82 K maximum temperature rise on the endcap. The measured and theoretical

prediction for the phase shift assuming no change in wy;» due to thermal expansion is
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Figure 4.35: Measured and theoretical reflection coefficients from TEg;o mode. The-
oretical prediction is based on an 82 K calculated maximum temperature rise on the
endcap.

shown in Figure 4.36. Notice that the measured reflected power has an initial large
jump in the signal at the beginning of the RF pulse. Also, the reflected power flattens
out instead of decaying back to its initial value. This is due to a long-time effect on
the heating of the endcap that will be discussed later. This same effect applies to the
measured phase as well.

Since equations (3.97) require the derivatives of the real and imaginary parts of
the reflected power, the data must be smoothed because of the modulator noise. The
signals are Fourier transformed and a low-pass filter is applied. The derivatives are
obtained by multiplying the Fourier transforms by the frequency and inverting the
convolutions back to the time domain.

Using the above procedure, the change in the unloaded cavity Q for the TEgo
mode is determined using equations (3.97). It is also found from these equations
that no measureable change occurs in wy;2 due to thermal expansion. The change
in resonant frequency is only due to the change in Q. The measured change in Qg2
using the waveforms depicted earlier is shown in Figure 4.37 along with the theoretical
prediction using an 82 K calculated maximum temperature rise on the endcaps.

The initial measured value of (Qg12 is not equal to the value given in Table 4.7.
This value depends on the initial steady-state response of the cavity. From the mea-

surements of J described in an earlier section, it is known there is variation of the
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Figure 4.37: Measured and theoretical prediction of change in (g2 during a high-
power pulse. Theoretical prediction is based on a 82 K maximum temperature rise

on the endcap.
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Figure 4.38: Measured and theoretical prediction of maximum temperature rise on
the endcaps during a high-power pulse. Theoretical prediction is based on a 7.3 MW
power input into the TEy;; mode.

steady-state reflected power due to vibrations of the endcaps from the flow of cooling
water. These same vibrations cause the DC levels of the mixer ouput to fluctuate.
A correct estimate of the temperature rise on the endcap requires the initial value of
(Qo12 to be accurate. Therefore, each measurement of the change in (g2 is corrected
by subtracing the DC offsets. This is easily accomplished by making the initial value
of Qp12 equal to the value given in Table 4.7.

Using the measured value of Qg2 in equation (3.101), the maximum temperature
rise on the endcaps over time is inferred. Using the waveforms depicted earlier,
Figure 4.38 shows the measured maximum temperature rise on the endcap along
with the theoretical prediction based on an input power of 7.3 MW into the TEq;
mode. Due to residual noise left on the waveforms, the random error associated with
the measurement of temperature rise amounts to approximately 3%. In this case, the
temperature rise is 72 £ 3 K. The error in the resistivity of the endcaps reported in
Table 4.9 corresponds to a systematic error of 3% in the determination of maximum
temperature rise. Therefore the full range for the measured temperature rise is 66 K
to 78 K. This is consistent with the calculated temperature rise of 82 K.

The measurement of maximum temperature rise on the endcaps for the first 20
million pulses of the high-power test is shown in Figure 4.39. The data is shown only

for the first 20 million pulses since the response of the quadrature mixer degraded
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Figure 4.39: Measurement of maximum pulsed temperature rise on the endcaps for
the first 20 million pulses of the second high-power test.

over time due to high input power levels during the measurement of g and @), for the
TEp;2 mode. The diodes in the mixer output were damaged and their sensitivities
were significantly diminished. This was not noticed initially since the raw outputs
of the mixer are offset in phase. The result is a drop in signal amplitude from the
same input power. If unchecked, the overall effect is a measured decline in pulsed
temperature rise over time. The data show that the average temperature rise changed
slowly from between 60 to 70 K to approximately 40 K at the end of the data taking
run. Therfore, the calibration for the device was invalidated for the last 60 million
pulses.

Although there is data scatter in the measurement of temperature rise, an eyeball
average shows the temperature rise is between 60 K to 70 K with a general increase
over time. However, the same initial (Qp12 given in Table 4.7 was always used. Ideally,
the initial Q used should be the one measured over time as discussed previously. The
data scatter in that measurement prevented any accurate assessment of the pulsed
temperature rise.

Another possible error in the measurement of pulsed temperature rise is from

long-term effects of pulsed heating. Figure 4.40 shows the evolution of this effect over
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Figure 4.40: Evolution of long-time effect on measurement of pulsed temperature rise
on wider time scales on one of the outputs of the quadrature mixer.

larger time scales on one of the outputs from the quadrature mixer. This effect occurs
on both outputs of the quadrature mixer. A large ramp in the signal occurs after the
RF pulse turns off at 1.5 us. A sinusoidal response occurs in the signal with a period
of approximately 250 us corresponding to a frequency of 4 kHz. This reponse decays
in time until another RF pulse occurs 16.6 ms later, which is the repetition rate of
the klystron.

This signal response is likely due to stress waves that are launched at the surface
of the endcap due to shock from pulsed heating of the surface. Since the endcaps
are mounted on bellows, these stress waves cause the endcap positions in the cavity
to vibrate. This is a likely conclusion because the signal disappears when the high-
power RF is switched off. Also, this signal depends on the mode response of the

cavity. Figure 4.41 shows the disappearance of the signal when TEj;5 mode is driven
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Figure 4.41: The response of the TEg, to stress waves disappears when cavity is
driven more than 2 Q-bandwidths from its resonant frequency.

more than approximately 2 Q-bandwidths away from the mode’s resonant frequency.
The two spikes that occur in the plots are due to the RF switch that triggers between
klystron pulses for the measurement of 5; and @y.

This signal response is the reason why the change in the reflected power to the
TEg;2 mode does not return to zero after the klystron RF pulse switches off. A large
signal spike occurs at this time. Also, at the beginning of the RF pulse, the signal is
decaying from the previous klystron pulse. The signal from the heating of the surface
of the endcap is convoluted with the response of the cavity mode to shock waves.
This may explain why the initial cavity () must be corrected. Also, the measurement
of the overall ) change may also be influenced by this response which will cause an

error in the determinaion of pulsed temperature rise.

4.2.4 Visual Inspection of Copper Endcap Surface

As with the first high-power test, a visual change in the grains of both endcaps is
obvious with the naked eye. Figure 4.42 shows the surface of each endcap after the
high-power test. The band of damage occurs in the area of maximum temperature rise

with a width between 6 and 8 mm. The width of the damage is wider near the azimuth
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Figure 4.42: Surfaces of endcap 1L2 (left) and 1R2 (right) after high-power test. The
position of the high-power coupling aperture relative to the pictures is the top of
endcap 1L2 and top-left of endcap 1R2.

of the high-power coupling aperture. The surface magnetic field is approximately 5%
higher there than at the point diametrically opposite of it. This corresponds to a
higher temperature rise of approximately 10%. Notice at the far point that the band
of damage is not visible.

The visual change across the surface is microscopically due to a change in the
height of the grains. Grain growth occurs due to plastic deformation. The grains
cannot expand laterally due to the constraint of the material, but they are allowed
to expand from the free surface into vacuum.

There is some tarnish on the surface near the azimuth of the high-power coupling
aperture. It will be shown in the next section that this tarnish is due to copper
globules sputtered onto the surface from fatigue damage and RF breakdown at the
high-power coupling aperture. However, the amount of copper sputtered is much less
than the first high-power test due to a lower input power. Hence, it is reasonable to
conclude that most of the resistivity change reported in Section 4.2.2 is due to fatigue
damage. The fatigue damage will be more closely examined in the next section.

Another noticeable difference from the first high-power test is the absense of mul-

tipacting on the endcap surfaces. The surface magnetic field is approximately 15%
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less than the first high-power test and is not sufficient to cause multipacting on the
surface. Multipacting occurs over a small range of electron energies. In the first
high-power test as reported in Section 4.1.5, multipacting only occured over half of
the surface due to variation of the magnetic field. The variation in that case is only
5% and is already sufficient to cease multipacting on the other half of the endcap.

This is consistent with absence of multipacting in the second high-power test.

4.2.5 Scanning Electron Microscope Inspection of Copper

Endcap Surface

Just as described in Section 4.1.8, the two copper endcaps from the high-power test
were examined with a scanning electron microscope (SEM) using secondary-scattering
with a 5 kV electron beam. A scan along a diameter of each endcap was completed,
and damage in the form of fatigue slip bands and cracks only occured in the region
of maximum temperature rise. The amount of cracking occurring on the endcaps is
much less prevalent than with the endcaps from the first high-power test. This result
is attributed to the lower pulsed temperature rise in this experimental run.

The results from this experimental run indicate that cracks only occur along grain
boundaries. Grain boundaries are clearly seen between areas that contain fatigue slip
bands and areas that do not have them. Figure 4.43 shows such a case in which a
crack clearly occurs along a grain boundary in the area of maximum temperature rise
of endcap 1R2. Cracks tend to nucleate at grain boundaries due to incompatibility
of slip from one grain to the next. Incompatible slip will increase the local stress at
a grain boundary.

Another example of this is given in Figure 4.44 where a crack develops along a
grain boundary due to fatigue slip bands along one side. Also, multiple slip bands
are seen to occur at different angles. This is due to multiple slip in which the applied
shear stress will act along multiple slip planes [18, p. 29]. This can occur when the
crystal axes of the grain are such that the applied sheer stress is greater than a critical
value on more than one slip system.

As a point of comparison, the picture on the left of Figure 4.45 shows a region
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Figure 4.43: Grain-boundary cracks on endcap 1R2 in the area of maximum tem-
perature rise. The grain boundary is the transition where the whitening due to slip
bands stop. A close-up of one crack is on the right where the grain boundary is clear.
The length scales are 100.7 um and 25.0 pm respectively.

Figure 4.44: Grain-boundary crack on endcap 1R2 in the area of maximum temper-
ature rise. A close-up of one crack is on the right where the grain boundary is clear.
Multiple fatigue slip bands are also visible at different angles with one set more dense
than the other. The length scales are 100.7 um and 25.0 pm respectively.
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Figure 4.45: A comparison between a region in the area of maximum temperature
rise on endcap 1R2 (left) and the center of the endcap in which the temperature rise
is close to zero (right). The length scale is 100.7 pm.

in the area of maximum temperature rise of endcap 1R2 that shows a multitude of
fatigue slip bands including grains with multiple slip. On the right is a region near
the center of the endcap in which the pulsed temperature rise is close to zero. A grain
boundary is evident from the change in contrast in the picture; however, no fatigue
slip bands or cracks occur in this area. Also notice that by comparing these pictures
to Figure 4.14 the amount of copper globules on the surface is much less than with
the first high-power test. This supports the conclusion that the resistivity change is
due to surface roughening and cracks on the surface of the endcaps.

Similar results are found on the surface of endcap 1L2. Figure 4.46 shows one
such example where a crack occurs along a grain boundary.

In this experimental run, more fatigue bands and less cracks have occurred on the
surface as compared to the first high-power test. This is expected to occur for small
plastic strain. For higher amounts of plastic strain, the number of stress cycles spent
causing fatigue slip bands decreases. More cycles are spent in crack nucleation and
propagation.

For documentation purposes, additional pictures of the damage on endcaps 1L2

and 1R2 are shown in Appendix B.
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Figure 4.46: Grain-boundary crack for endcap 1L2 in the area of maximum temper-
ature rise. A close-up of one crack is on the right where the grain boundary is clear.
The scales are 100.7 um and 25.0 um respectively.

As with the first high-power test, a scan along a random diameter of each endcap at
constant magnification was completed. Each snapshot covered an area approximately
0.9 mm by 0.9 mm in size. If a snapshot showed damage in the form of fatigue slip
bands or surface roughening, a value of 1.2 was assigned. If a crack occurred in the
area, a value of 1 was assigned. If no damage existed, a value of 0 was assigned.
Figure 4.47 shows the results of these scans.

The plots show that surface roughening and slip bands occur around the area of
maximum temperature rise at the radius 10.6 mm. The offset that occurs in the plot
for endcap 112 is due to an offset of 2 mm of the scanned diameter from the center
of the endcap. The center of the endcap was approximated at the time the diameters
were scanned and determined more precisely afterwards. The small amount of cracks
that were found do support the conclusion that surface roughening and slip bands
are precursors to crack nucleation which corroborates the findings from the first high-
power test. The widths of the regions of surface roughening and cracks are given in
Table 4.15.
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Figure 4.47: Random scans along diameters of each endcap. The solid line corre-
sponds to regions of surface roughening and the dotted line is for regions that contain

cracks on the surface.

Region 1L2 1R2
(mm) | (mm)
Roughness | 4.8 | 8.8 | 6.3 | 8.4
Cracks 0.0[00]00]|14

Table 4.15: Widths of regions of surface roughening and cracks for endcaps 1L2 and
1R2.



Chapter 5
Conclusion

In the previous chapters, we have described the design and execution of an experiment
to study the effects of pulsed heating on the surface of OFE copper. The damage
that results from pulsed heating will impact future designs of high-energy particle
accelerators.

We have demonstrated that the cyclic stress induced by pulsed heating beyond
the yield stress of fully-annealed OFE copper results in damage to the surface in
the form of surface roughening and cracks. The two experiments have shown such
damage to occur at 56 million pulses at a calculated 120 £ 10 K temperature rise on
the surface and at 86 million pulses at a calculated temperature rise of 82+3 K on the
surface. The measurements of pulsed temperature rise are in reasonable agreement
with the calculations for the second high-power test. From the destruction of the
high-power coupling aperture, we also know that 56 million pulses at a temperature
rise of approximately 250 K will create enough cracks to cause local melting of the
surface. Cracks cause the electrical resistivity of the surface to increase; consequently,
the temperature rise increases for the same applied power density.

Since the cavity Q depends on the electrical resistivity of the surface, surface
roughening and cracks that ensue will degrade the RF properties of a device long
before catastrophic damage like melting and copper sputtering occur. The numbers
given above are not thresholds for damage to occur. The lifetime of a material

damaged from cyclic fatigue will in general follow a power-law parameterization as
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given in equation (1.25).

The threshold for damage from pulsed heating is not known. From the data
reported above, a design for an accelerator must be well below these temperature
rises for a reasonable lifetime. The prediction given in Chapter 1 for a threshold
of 40 ° temperature rise is not too conservative. It is commonly known that cyclic
fatigue is highly dependent on the preparation of the surface. The light chemical etch
performed on the surface for vacuum preparation may significantly reduce the lifetime
of the material. Grain boundaries are primary sites for crack nucleation, and the
etching of material within the grain boundaries can increase the stress concentration
in that area. However, the two high-power tests already conducted followed standard
procedures for the preparation of the copper surface. These tests are indicative of the
danger that pulsed heating poses for future accelerator designs.

Some possibilities exist for increasing the lifetime of accelerators for these same
temperature rises. One is to look for material with good electrical conductivities and
high yield strengths. Glidcop is one example. It has the same electrical conductivity
as copper, yet its yield strength when fully annealed is six times that of OFE cop-
per’s. The yield strength determines the point at which applied stress causes plastic
deformation. A higher yield strength will increase the material’s tolerance to higher
temperature rises.

Another possibility is to operate at a lower ambient temperature. Due to lower
electrical resistivity and higher thermal conductivity, using OFE copper at liquid
nitrogen temperature (T=77 K), the temperature rise from pulsed heating may be
reduced by a factor of 2 for the same applied power density to the surface.

Third, the copper surface may be coated with diamond with a thickness on the
order of the heat diffusion length [32]. Diamond has a higher thermal conductivity
than copper and will act as a heat sink for the fast temperature rises from pulsed
heating. This heat sink may reduce the temperature rise on the surface of copper by
a factor of 2 or 3.

This experiment has shown that pulsed heating is an important limit to achiev-
able acceleration gradients for future accelerators. Due to the dependence of surface

preparation on material lifetime, this experiment was more of a test of the process
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of building accelerators than just a test of the material itself. Many tests should be
performed at different power levels and with different surface preparations before a

definite conclusion is made.



Appendix A

Resonant Cavities

Resonant cavities are devices in which electromagnetic fields resonate in a space
enclosed by good conducting walls. The theory describing resonant cavities is well-
known and can be found in numerous references on electricity and magnetism and
microwave circuits [14, 20, 28, 39, 45, 57]. The equations describing resonant cavities
will be derived in this chapter under a formalism adapted from [28, 57] that allows

easy computation of the heating of the conducting walls in the cavity.

A.1 Maxwell’s Equations

The description of resonant cavities begins with Maxwell’s equations

. . 9B
E=-2 Al
V X BT (A.la)
- - 9D
H=2247 A.1b
VD = peng, (A.1c)
V-B=0, (A.1d)

where E is the electric field, H is the magnetic field, D is the electric displacement,
B is the magnetic induction, J is the current density and peg is the charge density.

Since we are interested in the fields in vacuum enclosed by perfectly conducting walls

199
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where there are no external charges and no external currents we have

Pehg =0, (A.2a)

J =0, (A.2b)
D = &E, (A.2¢)
B = uH, (A.2d)

where ¢ is the electric permittivity of vacuum and g is the magnetic permeability

of vacuum. Using the above conditions, Maxwell’s equations take the form

- o OH
E=—pp— A.
V Ho ot ( 33“)
. - OE
H=¢y— A.3b
V x €o ot ( )
V-E=0, (A.3c)
V-H=0. (A.3d)
If we take the curl of both sides of equation (A.3a) we get
VxVxE=V(V-E)-VE=-vE
N SR .
= Moat = —Hoco 2

where we have used equations (A.3b) and (A.3c). Since the speed of light in vacuum
is given by ¢ = 1/,/110€0 equation (A.4) becomes
vi_ LPE_, (A5)
2oz '
Similarly if we take the curl of both sides of equation (A.3b) and substitute equa-
tions (A.3a) and (A.3d) into the result we arrive at
- 1°H
2H a

2 Ot?

=0. (A.6)
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When we include the boundary conditions that the tangential electric field and the

normal magnetic field must vanish on the surface of a perfect conductor we get

1621 [EF0),

V? - 1o 4(70 ) =0 in volume V, (A.7a)
2 0t*| | H(7,t)
ix E(Ft) =0 on surface S, (A.7b)
- H(Ft) =0 on surface S, (A.7¢)

where 7 is the unit normal on the surface pointing out of the cavity volume into the
conductor. Equation (A.7a) is known as the vector Helmholtz equation and can be
used to solve for either £ or H. Once one field is found, the other can be found from
Maxwell’s equations.

If we consider the cavity in steady-state oscillation at the angular frequency w
then the fields may be assumed to have a harmonic time-dependence of e=7“! where

J = +/—1. Using this assumption in equation (A.7a) we get
(7
veer JEOL g (A.8a)
H (7)
k=uw/c, (A.8b)

where k£ is known as the wavenumber. Maxwell’'s equations have been reduced to
an eigenvalue equation with eigenvalue k£ and eigenfunctions E and H. This fact
suggests that we may expand the electromagnetic fields in cavities in terms of modes

with eigenvalue k.

A.2 Expansion of Electromagnetic Fields in Cavi-
ties

Kurokawa [27] is credited to be the first to do a full treatment of the problem of
expansion of electromagnetic fields in cavities. A similar treatment will be shown
here adapted from [20, 28, 57].
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A.2.1 Basis Functions

We will enumerate the modes in a cavity with index A which have eigenvalues k) and
eigenfrequencies wy = kyc. For the electric field we will choose basis functions EA and
expansion coefficients ey. Likewise for the magnetic field we have basis functions H A

and expansion coefficients hy. The total fields are now written as

E(7t) =Y Ex(Mea(t), (A.9a)

H("t) =Y Hy(M)ha(t). (A.9D)

The basis functions E\ are chosen such that they are real and orthonormal. The

orthogonality of the basis functions can be shown for non-degenerate modes with
A# N

(k3 — k3) / dVE\-Ey =

where we have used equations (A.7b) and (A.8a) and the vector identity
ﬁ-(fx§’>:g*-(§><f>—f-<ﬁx§>. (A.11)

If degenerate modes exist then they may be orthogonalized using the Gram-Schmidt

orthogonalization procedure [40, pp. 928-935]. Hence, we have the condition

/dV EA(F) . E/\’ (F) = (5/\,)\/. (A12)
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The basis functions for the magnetic field are defined according to

6 X Ly = k/\H/\, (A13a)
6 X Iy = I{I)\E/\, (A13b)

which are also orthonormal

/dVﬁA(f‘) Hy () = k:kX /dV (6 X E}) : (6 x },)

— k:kX / Vv - [EX X (6 X X)

[

(A.14)

Using the above orthogonality conditions, the expansion coefficients can be deter-

mined as
ex(t) = / 4V By (7)- B (7.1), (A.15a)
(o) = [av i) (7). (A.15b)
It is proven in [28] that these basis functions form a complete set.

A.2.2 Cavity Modes

We will only be considering cylindrical waveguides and cavities whose axes lie along

Z (see Figure A.1), so it will be convenient to separate the perpendicular and longi-
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Figure A.1: Cylindrical waveguide of arbitrary cross-section with axis along 2.
tudinal components of the fields as follows

EA = E",\L + 2E,\z, (A.16a)
H, = H,, + 2H,.. (A.16b)

Using the definition of the basis functions (equations (A.13)) and the following vector
identity

Fx (6xg):6(f’-g*)—(gﬁ)f— (fﬁ)g*—g*x (6xf), (A.17)
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we get the following relation

2x<§xﬁ,\):2x<§xﬁu)+2x<§><2E,\Z)

(A.18)

If we define V, = V — 20/0z and use the fact that 2 -V = 9/0z we arrive at the

following useful relation

OE\L

+ 6LE,\3 = k/\,ZA’ X ﬁAL. (Alg)

Similarly, the procedure may be repeated for the magnetic field and we get

_0H\

+ ﬁLH,\z = k)\é X EAL. (AQO)

Since the fields are propagating in the z-direction with wavenumber k, we may as-

sume an e™/*? dependence for the fields where the top sign is for a forward-travelling
wave and the bottom sign is for a backward-travelling wave. Substituting this condi-

tion into equations (A.19) and (A.20) we get

FjkExi + V 1By = ki x Hy, (A.21a)
FjkHyL + Vi Hy. = ka2 x EyL. (A.21Db)

There are two sets of modes that can exist inside hollow waveguides and cavities.
One set of modes is known as the transverse electric mode or TE mode in which
the longitudinal electric field is zero everywhere in the cavity volume. The other
set, of modes is known as the transverse magnetic mode or TM mode in which the
longitudinal magnetic field is zero everywhere in the cavity volume. We shall look at

each mode set in more detail separately.
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Figure A.2: Closed cavity of length d with arbitrary cross-section.

TE mode

By substituting the condition E), = 0 into equations (A.21) we get

— I{; —
E/\L = :tjfé X H)\L, (A22a)
— I{; —
Hy, = +j—V Hy,, (A.22D)
X
Vi = k3 — k2. (A.22¢)

Notice that once the longitudinal magnetic field is determined, the rest of the fields
can be calculated from equations (A.22).

If we consider a cavity that has conducting walls normal to the z-direction at a
distance d from each other (see Figure A.2), we expect to have a standing wave in

that direction. The longitudinal magnetic field should vary as

H,, ~ Asin(kz) + B cos(kz). (A.23)
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The normal component of the magnetic field must vanish on the surface (equa-
tion (A.7c)) so

H,,( =0)=B =0, (A.24a)
Hy.(z = d) = Asin(kd) = 0, (A.24b)
k= p; (A.24c)

where p is a positive integer not equal to zero. p = 0 is not an interesting solution
since it implies that the fields are zero everywhere in the cavity volume. Thus the

longitudinal magnetic field has the form

L. . (pTz
Hy, = ¥y (71) sin (%) p=1,2,3,..., (A.25)

where 1, is a function of the perpendicular coordinates to be determined later. Sub-
stituting equation (A.25) into equations (A.22) and separating the forward and back-

ward travelling waves we calculate the other fields as follows

5 _pr/d  (pmz
H)\L = ’)//2\ COS < d ) VLI/))\ (TL) (A26&)
R U
E)\L = —7—)2\ sSin <7) z X VLd)/\ (TL) , (A26b)
pmy?

1y is determined by substituting equation (A.25) into equations (A.7)
[Vi + ’Y}?\] 1/))\ (FL) = 0. (A27)

The above equation is true for any arbitrary cross-section of the cavity. The boundary
condition for ¥, on the surface S of the cavity is found by taking the dot product of
both sides of equation (A.21b) with n

ik (i )|+ 0 Vi = ki s x Ba| =k (ix By ). (A28)
S S S S
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o

Figure A.3: Circularly cylindrical cavity of radius R and length d.
Since 7 - ﬁu =0and n x EM = 0 on the cavity surface, we have

- ViHy, = Vi (7L) ,=0 (A.29)

Since the experiment involves circularly cylindrical cavities, we will focus only on
that geometry where ¢, (7)) = ¥\ (r, @) (see Figure A.3). For a cavity with radius R

we must solve the following equation

19 [ o\ 10% .

ror <7" or > + r2 a¢2 + 7A¢/\ - 07 (A?)O&)
CCY R (A.30b)
or r=R

If we choose a reference such that Hy, ~ cos¢ then the general solution to equa-
tion (A.30a) is
Wy = Arg cos(ng)J, (7ar), (A.31)

where we ignored Y, (7,r) since the fields must be finite at r = 0. Agp is a nor-
malization constant to be determined later. Applying the boundary condition (equa-
tion (A.30b))

/

xnm

where  J) (al.) =0, (A.32)

A=
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we get

ajl

Un = Arpdn ( ”gr> cos(ng). (A.33)

Substituting equation (A.33) into equations (A.25) and (A.26) we arrive at the fields
for the TE modes of a circularly cylindrical cavity of radius R and length d:

, Tz x o
Hy, = Argsin (%) I < I ) cos(ng), (A.34a)
B prR przN L, (.
Hy = Arg . cos ( y ) J, <—R ) cos(ng), (A.34Db)
Hy,=-A Wil cos (p7rz> J, Lom” sin(ng) (A.34c¢)
Ap — TE’I“d (x%m)g d n R ) :
By, =0, (A.34d)
E, =-A nun 7 sin <p7rz) J, T sin(ng) (A.34e)
Ar — TE or (x%m)g d n R ) :
L Al . pmzN o (Tt
E\y = —Arg o sin ( g ) J, ( I ) cos(ng), (A.34f)

(%) -] 0

where we have used k) = wy/c. We may now distinguish the modes by specifying the

integers n, m, and p and writing the modes as TE,,,,. The normalization constant
App is determined by substituting the fields into equation (A.12). Using the following
integral [45, eqn. C.17]

!

/0 o [JLZ(U) + Z—jJi(u)} wdu = (%2’”)2 {1 - (;2 )2] T2 (2! Y, (A.35)

we get

Arg = \/g o ;2(% { (5“;12’")2 {1 - (;‘2)2] T (as;m)}m. (A.36)
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TM mode

The derivation of the fields for the TM modes is similar to that for the TE modes.

Substituting the condition that Hy, = 0 into equations (A.21) and assuming an e*7*?

dependence as before we get

— k —
H,\L:ij?’\éx E)\L, (A37a)
— k —
By = +—V, By.. (A.37b)
A

Because there is a standing-wave in the z-direction, the longitudinal electric field

must also have the form
E\, ~ Asin(kz) + B cos(kz). (A.38)

Since the tangential electric field E\, must vanish on the surface of the cavity we
must have V| - By, = —0E),/0z = 0. Therefore we have

0| _ gp = 0, (A.39a)
0z |,
ag;z — _Bsin(kd) = 0, (A.39b)
z=d
k= p%, (A.39¢)

where p is a non-negative integer. Thus the longitudinal electric field takes the form

B, = ¥y (1) cos (%) p=0,1,2,. .. (A.40)
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By separating the forward and backward travelling waves and substituting equa-

tion (A.40) into equations (A.37) we have

- __p?TZ/d . (DPTZN\ = .
E/\L = ’)//2\ Sin < d ) VLI/))\ (TL) 5 (A41a)
H, = —7—§ COS (7) Z2x Vi (L), (A.41Db)
P2
- (7) . (A.41c)

Substituting equation (A.40) into equations (A.7) we get the same governing equa-
tion as for the TE mode (equation (A.30a)) except with the boundary condition
Ya(r = R) = 0. With this boundary condition we have

YA = x;%m where JIn (xnm) = 0. (A42)
The general solution is then

Yy = Armdn (x”—gr) cos(ng). (A.43)

The fields for the TM mode are given by (using equations (A.40) and (A.41))

E\, = Aqp cos (p7;2> I (mrgr> cos(ng), (A.44a)
By = —Apy é’;i sin (%) I (x’gr) cos(nd), (A.44b)
Exy = Armr Zz;f sin (%) I (x,};ﬂ“> sin(ng, ) (A.44c)
H,, =0, (A.44d)
Hy, = —ATMZ(:;; cos (p7;2> I (l}gr> sin(ng), (A.44e)
Hyy = —Ary C;Ani oS (%) J (x,gr> cos(ng), (A.44f)

o= ()] (A1)
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where we have used ky = wy/c. We may now specify the TM modes with TM,,;,.
The normalization constant Ar,; is determined by substituting the fields into equa-
tion (A.14). Using the following integral [45, eqn. C.16]

2

Tnm 2
/ [J;f (u) + %Jz (u)| udu = x”Tme (Tnm) , (A.45)
0

we get
2CTm

Arar = .
T R R, (%) /(L 0m0) (1 + 00

(A.46)

A.3 Time-domain

In the previous section we derived the basis functions for the expansion of electro-
magnetic fields in cavities. In this section we are interested in the behavior of the
fields in the time-domain.

If we consider a closed-cavity with perfectly conducting walls, then we may simply

substitute equations (A.9) into the Maxwell curl equations (equations (A.3a—A.3b))

to get
dhy(t
C;\t( ) = —w)\e)\(t), (A47a)
dey(t
e;t( ) = 77w,\h)\(t), (A47b)

where 7 = y/po/€0 is the impedance of free space. Combining the above equations

we get for the fields
d’ 2} ex(t)
{dﬂ A {h,\(t) (4.48)

where w) is the angular resonant frequency of the cavity for mode A as expected.

In reality, the conducting walls of a cavity are not lossless. These walls have a finite
conductivity, and the electromagnetic fields will penetrate into the surface. Also, the
cavity cannot be completely closed. There must be some openings in the device in
order for the fields to be excited. Because of these two conditions, the basis functions

derived in the last section are no longer exact. However, we will incorporate these
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conditions as perturbations and use the previous basis functions as approximations

to the mode fields in the cavity [57]. Thus we will still write the mode amplitudes as

ex(t) = / dV E (7,t) - Ex (F), (A.49a)
ha(f) = / v i (7,1) - y (7), (A.49b)

where the integrals are over the unperturbed cavity volume. We will next obtain
equations for the mode amplitudes for a weakly perturbed cavity.
If we take the dot product of equation (A.3a) with H, (7) and integrate over the

unperturbed cavity volume we get for the left-hand side

/dV (ﬁxE)-ﬁA:/dvﬁ-(ExﬁA)Jr/dV (Vx )&
- /dSﬁ-E x ﬁA+/dV (/cAE’A) B (A.50)
:k,\e,\+/d5ﬁ-ﬁ>< H,,
where we have used equation (A.49a) and the vector identity
Vo (Fxg)=(Vxf)-5-(¥x3)F (A.51)

n is the unit normal pointing out of the cavity (see Figure A.4)) and the surface inte-
gral is over the unperturbed cavity boundary. The right-hand side of equation (A.3a)
becomes
OH
—Ho / dV ——-

ot

" dhy . dh
Hy=—m) —~ / AV Hy - Hy = ==, (A.52)
)\I

where we have used equation (A.49b). Putting these equations together we have for

the mode amplitudes

dha(t)
dt

™ = kyea(t) + / dSh - E (7,t) x Hy (7). (A.53)
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Figure A.4: Cavity with connecting waveguide. 7n points out of the cavity and into
the conductor. S, is the reference plane for the waveguide and S,, is the cavity wall.

—

Similarly, by taking the dot product of equation (A.3b) with E, (7) we have

de)\ (t)
dt

We are interested in a cavity in which power is coupled to it through an input
waveguide. Since we are only working to first-order in the perturbations, we may
consider each perturbation separately and add them together. Thus we may determine

the mode amplitudes with

dhi (1 ; ; ; ;
— o (;t():k/\e/\(t)—F/ dSﬁE(F,t)XH/\(F)—F/S dS’fLE(F,t)XH)\(F),
(A.55a)
de (t ; i} ; i}
€0 egt():k/\h)\(t)—i—/ deLH(F,t)XE/\(F)—F/deLH(F,t)XE/\(F),
w SP

(A.55b)

where S, is over the cavity surface and S, is over the plane cross-section of the
connecting waveguide (see Figure A.4).

To make the calculation of the perturbations more simple, we will assume the
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fields to have an e 7! dependence

where E (7,t), H (7,t), éx(t) and hy(t) are complex slowly-varying functions of time.
Substituting these relations into equations (A.55) we have for the mode amplitudes
in the cavity
dhy(t) .
- Ho% + Jpowhy =
knéx(t) +/ dSh - E (7,t) x Hy (7) +/ dSh - E (7,t) x Hy (7), (A.58)
w s

P

dex(t) .
507 — JEowey =

kjm(t)+/ dSﬁ-fI(F,t)xEA(77)+/ dS i H(7.) x By (7). (A.59)

w SP

We will look at each perturbation in more detail separately.

A.3.1 Perturbation From Lossy Walls

When the finite conductivity of the cavity walls is included in the analysis, the fields
no longer vanish inside the conductor. The fields will exponentially decay into the
conductor. We will investigate the fields inside a conductor by starting with Ampere’s

law

5 + Je, (A.60)

where the current density J. inside a conductor is given by

—

c = O'ij (A61)

N
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vacuum

Z

Figure A.5: Conductor with coordinate £ normal to the surface and pointing into the
conductor.

where o is the electrical conductivity of the conductor. Inside the conductor we expect
the displacement current to be small compared to the electrical current, so we may
neglect it in Ampere’s law. We also expect the spatial variation of the fields normal to
the surface to be more rapid than the variation of the fields tangential to the surface.
So we may ignore any derivatives with respect to the transverse coordinates and write
V ~ nd/0& where n is the unit normal pointing into the conductor (see Figure A.5).
Note that this is opposite of the convention adopted by [20]. The condition for the

electric field in the conductor is then

- 1o = 1__ 0H
E, ==V R c. A.62
—V % ~hx o€ ( )
If we use Faraday’s law
. OH
V x E. — A.63
X Hepy (A.63)

and take the curl of both sides of Ampere’s law we get the following equation for the

magnetic field inside the conductor

—

- H,
V*H, — uca% =0, (A.64)

where p. is the magnetic permeability of the conductor. If we adopt the phasor
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notation in equations (A.56) and keep to first-order by making the approximation

C

ot

< wH,, (A.65)

then the magnetic field in the conductor is given by
V2H, + ju.owH, = 0, (A.66)

or, noting that only the tangential magnetic field will be significant, we can write

d? ~ 2 ~
d—f2HH —|—jﬁHH =0, (A'67)

where we have introduced the skin-depth

5= ] ——. (A.68)
oW

The solution for the magnetic field is

(€)= iy (6 = 0exp |51 (4.69)

The boundary condition for the tangential electric field at the cavity surface is then

- 1 dH,
Bl = Zpx—I

=t I Ax H =-R(l—j)axH

surf

. (A.70)

surf

surf

where we have defined the surface resistance of the conductor as

1 [ phew HeeW Pres
Ei— p— A. 71
od 20 2 7 ( )

where p,.s = 1/0 is the electrical resistivity.

R,

We now use this result to find the perturbation due to lossy walls. The surface
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integral for the cavity wall in equation (A.58) is calculated as
/ dSﬁ-ExﬁA:—/ dS i - [Rs(l—j)ﬁxf[] x Hy

:/ A Ry(1—jyi- [ (B H) - 0 (2] (A72)

= / dS Ry(1 — j)H - H,,
where we have used the boundary condition that 7 - H, =0 on the cavity surface. If
we assume that only one mode in the cavity is excited then we may approximate the

magnetic field as H ~ haHy. If we also define the unloaded Q of the cavity for mode

A to be 5
1 L2 1 1 |2
— = dS - |H :7/ dsS H A.73
Qox /sw 217 7 Vopaw J, ’ (A.73)
then equation (A.72) is finally calculated as
/ dSﬁ-ExﬁM/}A/ dS R,(1 — j) ‘H,\‘
= hn(1 - §) ,/“C“’/ as = (A.74)
(1 —J)u Pt
Q™

The surface integral for the cavity wall in equation (A.59) vanishes as shown below
/ dSﬁ-ﬁxﬁA:—/ dSH -7 x Ey =0, (A.75)
since 7t x Ey = 0 on the surface of the cavity.

A.3.2 Perturbation From Connecting Waveguide

The fields inside a cylindrical waveguide are completely defined if the fields parallel

to the plane normal to the cylindrical axis are given [14, 45]. Similar to the cavity
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fields, we may expand the perpendicular waveguide fields into modes a [57]
By (Ft) =Y Bl (7)) Va(t), (A.76a)
Hy (7)) =Y Hia (7)) Zeaa(t), (A.76D)

where EM and FIM are the basis functions for mode a and V, and I, are the expansion

coefficients. Z,, is the characteristic impedance for mode @ and is given by

ko/ky, for TE mode
Zeg =1 (A77)
ky/ky for TM mode,

where k) = ki — k2 and ko = w/c. k. is the cutoff-wavenumber and for a rectangular
waveguide operating in the dominant TE;;, mode with width w, k. = 7/2w. The

waveguide fields are also related by
ZoH o = 2% E,, (A.78)

where the cylindrical axis of the waveguide is along 2. If we choose the plane S, as

the reference plane then we get the following orthogonality relations for the fields [57]

/ dS EL(L (fl) . EL() (FL) = 5ab7 (A79a)
Sp
- . - 0a
/ 48 Ao (71) - Huo (7)) = 22, (A.79b)
Sp ca
, , 8o
/ dS%'ELa(FL)XHLb(FL):Zb. (A79C)
S. ca

P
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We may also expand the cavity fields along the plane S, by using the same waveg-

uide basis functions but with different expansion coefficients
Ein () =Y Era(7L) Vax, (A.80a)

ﬁLA (FL) = Z ﬁLa (FL) anIa)\a (ASOb)

where V,) and I, are given by overlap integrals of the waveguide and cavity modes

on plane S,

mszim»iwm (A.81a)
S.

P

Loy = Zeo / dS dy (7)) - Hry (7). (A.81b)
S

P

As before with the cavity modes, we will adopt phasor notation for the waveguide

expansion coefficients
Vo(t) = Vo(t)e M, I(t) = I,(t)e 3", (A.82)

where we assume \7,1 and I, are complex slowly-varying functions of time. Using the
above relations we may now calculate the surface integral over the waveguide plane
in equation (A.58) as

/.

X

dSi - E x ﬁA:/ dSi - | EiaVa
Sp a
= — ZZ‘/}GZcbIb/\/ dS z - E’La X ﬁLb
a b Sp
- - za:zb:vazcblb)\gii
- _Z%Iaz\a

> H 1, Z eIy
b

P

(A.83)

where we have used equation (A.79¢) and the fact that Z points in the opposite
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direction of 7 (see Figure A.4). The surface integral over the waveguide plane in

equation (A.59) is calculated as

/.

P

deLﬁ X .Ei\ = / dSn - ZﬁLaanja ZELb%A
Sp a b
_ _Zsziav;,A/ dSz-H o x E,
a b Sp
- za:zb:zcaia%)\%
= Zfa‘/a/\a

(A.84)

We are free to choose the location of S, in the waveguide, so we will choose it such
that I,y = 0. Thus
/ dS#-E x Hy, = 0. (A.85)
SP

A.3.3 Mode Amplitudes

By substituting the perturbations found in equations (A.74), (A.75), (A.84) and
(A.85) into equations (A.58) and (A.59) we get the following relations for the cavity

mode amplitudes

din(t) o (= e
— o 0t + ]/Lo&)h)\(t) = k)\e)\(t) + QO/\( ) h,\( ) (A86a)
€0d€27t(t) — j&“g&)@)\( = k)\h,\ —|— ZI a)\, (A86b)

where we have allowed (o) and hence o to be a function of time. We will also allow
ky to be a function of time because the cavity volume may change during the heating.

By solving equation (A.86a) for €, and substituting the result into equation (A.86b)



APPENDIX A. RESONANT CAVITIES 222

we get the following equation for the mode amplitude of the magnetic field

| Lden
a2 T | Te T T 0

7, (1 - j)ﬂcw < 1 dQO)\ 1 du},\ . ) jw dw,\ 9 2:|
+ hy | — + — +tijw | +——F—-w tw
* [ HoCQox Qox dt wy dt J wy dt A

— —Ww)C Z fa‘/a/\a (A87)

dQB)\ i diL,\ |: 1 dw,\ . (1 — j),ucw]

where we have used k), = wy/c. Since we are considering copper we have p. & .

Using this fact and grouping the real and imaginary terms, equation (A.87) becomes

d2h>‘ _|_dib/\ w _i@ — Tw 2+L
a2 " dt [\ Qo wxat )’ Oox
~ 1 d 1d

i {_ w ( Qoxr | 1 dwy

Qox \ Qox dt wy dt

) 1 dwy 1 1 1 dQox
e [M_AW (”QOA) o) <Q0A i ”)”

= —wxC Z ia‘/t-z)\a (A88)

+w> —w? + Wi

Since h, is a slowly-varying function of time we have the condition

d?h,

e | <

im‘ . (A.89)

We also expect the unloaded Q of the cavity and the resonant frequency to change

slowly compared to an RF period so we also have

dQox
dt

do

dt

< WQO/\, ‘ ‘ < WWy. (AQO)

We do not expect the resonant frequency of the cavity to change more than one Q-
bandwidth where Aw) = wy/Qox. In our case, w ~ wy ~ 10'% and Qgy ~ 10* with a
pulse length on the order of 1 us. So, Awy /At ~ 10 and wwy/Qoy ~ 10'°. Therefore



APPENDIX A. RESONANT CAVITIES 223

we also have the condition

dwy wwy,
— << . A91
dt Qox ( )
Using these approximations, the mode amplitude of the magnetic field is
dh, | w o - w? Jw? WrC -
o v Qf* +hy ’\1 —wr - == T ZLIV,M, (A.92)
Qor 7 145y L+ g Qo] 1Hg; 45

where we have divided equation (A.88) by the factor 1+ 1/Qgy and used the approx-
imation g\ > 1.

Let us look more closely at the term on the right-hand side of equation (A.92).
The transverse electric field at the waveguide port S, must be continuous. If we
consider only TE modes in the waveguide then we may expand the electric field in

either basis
E, (P t) = > E . (7)) Va(t) = > E\ (FL)éx(t). (A.93)
a A

By taking the dot-product of both sides of equation (A.93) with a waveguide-mode,

E a4, We get the condition

Va(t) = Z Varéx(t). (A.94)

We will simplify our problem by considering a waveguide operating in its first domi-

nant mode (e = 1) and driving only one cavity mode A giving
Vi(t) = Viaéa(t). (A.95)

If we split the waveguide expansion coefficients into forward and backward-travelling

waves
Vi=Vit+ Vo, L=If+1, (A.96)

and use the relation [57]
anj;: = :l:"}aia (A97)

we get _ _ _
~ Vit =V 2Vt — Ve
=1t -1 T A.98
' ch ch , ( )
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where we have also used equation (A.95). We define the external Q for mode A of the
cavity as [b7]

= : (A.99)

Vit = 2P Z,,. (A.100)

If we multiply both sides of equation (A.98) by Vj,, substitute into it €, from equa-
tion (A.86a) and use equations (A.99) and (A.100) we get

- [8Pincowx  HoSown dhy  juosowwss  eopo(l — 7)wwy 5
Vinl, = + — hy + hy. A.101
. Qe Qerky dt Qerkr A EAQorQen A ( )

Using equation (A.101) in equation (A.92) the mode amplitude for the magnetic field

is finally written as

dt [ QO)\+Q8/\(1+$> l—i—iJ

2 3

wx 2 - w Wi 1 8Pipwy
—w ) —jw | —+ > =— , (A.102
(1 + _th ) <Q0A Qe ] 1+ _th | H0Qex ( )

Note that by adopting the phasor notation in equations (A.82) we have assumed that

+ hy

the waveguide and cavity are driven at angular frequency w. Terms containing the

factor 1/Qo are kept in equation (A.102) since Qp, is a function of time. However,

if Qoy is constant and we drive the cavity at a frequency w = wy/y/1+ 1/Qoy then
equation (A.102) is further simplified as

dhy [ 1 ] = [ ij] 8 Pinw
Y R Y] T sy g , A.103
dt [ Qrx J Qo foQex ( )

where we have divided by w, and used the definition of the loaded Q of a cavity
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resonating in mode A
1 1 1

Qo Qo Qun

It is instructive to solve equation (A.103) for further insight into the behavior of

(A.104)

the cavity. The solution for the mode amplitude of the magnetic field with the initial
condition hy(t = 0) = 0 is

h,\ (t) = iL,\ (t)@ijwt

0 8P, [1 ( wyt ) ( jw,\t>] (—juot)
= — — |1l —exp | — exp | — exXp (—Jjwt),
L HoQerwy 2Q 1 4Q7 J

(A.105)

where w = wy/+/1 4+ 1/Qox. Thus, the build-up of the magnetic field in the cavity is
governed by the so-called fill-time

2Q 1

%\

. (A.106)

T

The oscillation term proportional to 1/Q%, may be ignored, because it is negligible
compared to the fill-time 7 when Qr, > 1. Hence, equation (A.105) may be more

compactly written

K

T[] et eI, A.107
o Qertr [ ] ( )

ha(t) = —jQra

Notice that the resonant frequency is no longer wy, but has been shifted slightly due
to the lossy walls. This shift will be examined further in a later section.

Once the mode amplitude for the magnetic field is found, the mode amplitude for
the electric field is found from equations (A.86a) and (A.57). The total fields in the

cavity are finally calculated from

E (7 t) = Ey (7) ex(t), (A.108a)
H (7, t) = Hy (7) ha(t). (A.108b)
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where we have already assumed that only one mode A is excited in the cavity.

A.3.4 Constant Cavity Parameters

In the previous section, the mode equations for the cavity fields were derived with
the condition that )p) and wy may be functions of time. Because of this possibility,
it was necessary to adopt phasor notation (equations (A.57)) in order to make the
problem tractable. If we now assume that )y, and w, are constant, we may repeat
the derivation of the mode equations to arrive at a simpler interpretation of the cavity
response.

By taking the Fourier transform of the mode amplitudes in equations (A.55) and
(A.76), we convert all quantities to the frequency domain. By following the same
derivation with the condition that )y, is constant and taking the inverse Fourier

transform at the end [48, 57|, the mode amplitude for the magnetic field is

d? wy d wi 1 8Pipwy
— — ha(t) = — n ’\efjwdt, A.109
dt?  Qradt 1+ 5= =17 aor V| H0Qex ( )

where wy is the angular frequency at which the waveguide-cavity system is driven.
Hence, the cavity is simply a damped, driven oscillator. If the cavity is initially empty

of fields then the initial conditions are

dhy

t=0

Thus, the solution is simply

h(t) = [C’lejm + C’ge*jm] e 2Ly 4 Ko iwat (A.111)
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where
1/2
Q ! ! ] / (A.112a)
= W) T 5 y . a
L+ 5o 4Q7

1 8P}
K= 'y (A.112D)

L+ 55 toQex

K

K'=—, (A.112¢)

B GRS S
1+1/Qox d QL

' 1
C :K’[ JEA +ﬂ——], (A.112d)

10,0 20 2

(A.112¢)

Notice that the natural resonant frequency of the system, €2, is shifted from the
unperturbed resonant frequency wy,. The perturbed resonant frequency is approxi-

mately written

1 1
Q~wy |1l — ——— ——1. A.113
g [ 2Q0x SQ%,\] ( )

The term proportional to 1/Q%, in equation (A.113) represents the shift in frequency
due to damping. The damping is caused by the loss of power to the cavity walls (Qo)
and to leakage of power to the coupled waveguide (Q.y). However, this frequency shift
is negligible compared to the shift from the term proportional to 1/Qgx. Qo causes
a shift in the resonant frequency of the cavity, because the fields are no longer zero
in the conductor but penetrate to a distance characterized by the skin-depth § (see
equation (A.68)). The effective volume of the cavity increases, which causes a decrease
in the cavity’s resonant frequency.

If we drive the cavity close to its perturbed resonant frequency, wy ~ €2, and use
the fact that QQgy > 1 and @Yz, > 1 then

8L

01%07 02%_K17 KI%_jQL/\ - 5
o Geawx

(A.114)
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and the mode amplitude for the magnetic field is

8P7,n (,{))\t —1
ha(t) = —jQuxay | ———— [1 — exp (— )} e wat, A.115

() P\ 10Qerwn 2Q1x ( )
This solution is the same one found in the previous section, equation (A.107). This
solution also demonstrates that if Qo) > 1 and )., > 1, then the assumption that

the cavity fields resonate at the drive frequency wy is justified.

A.4 Cavity Circuit Parameters

In sections A.2 and A.3, we derived equations for determining the electric and mag-
netic fields in a resonant cavity. These equations are useful for applications requiring
the knowledge of the magnitude of the fields, such as calculations of pulsed heating.
However, these equations are not very useful for determination of a cavity’s properties
through measurement. For this purpose, it would be useful to derive equations simi-
lar to equation (A.102) in terms of input and output power to the cavity, quantities
which are easily measured with network analyzers or crystal detectors. Equivalently,
we may think in terms of input and output voltages since power is proportional to

the square of the voltage.

A.4.1 Cavity Response

In microwave circuits, voltage is not unique since the RF wavelength is comparable
with the size of the components [45]. However, we may choose a reference plane in
which voltage may be defined. If we choose the reference plane S, in the waveg-
uide coupled to a cavity as in the previous sections, then this voltage becomes (see
equation (A.96))

Vi) =Vi"(t) + Vi (9), (A.116)

where V' is the forward-travelling voltage wave in the waveguide and V|~ is the
backward-travelling wave. If we have another waveguide coupled to the cavity then

we may also choose a reference plane in that waveguide and define a voltage on that
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plane as
Va(t) = Vo (t) + Vy (). (A.117)

In general, we may have any number of waveguides or ports attached to the cavity.
Since we are treating the perturbations of connecting waveguides to only first-order,
we may easily incorporate additional ports by adding additional terms similar to
S I,Vax to equation (A.86b). For simplicity, we will subsume all of those terms
under one summation and allow a to enumerate all modes in all waveguides.

Since equation (A.94) allows us to relate the fields in the cavity to waveguide

voltage, we will solve for é; by eliminating hy from equations (A.86)

2é,  dé 1 dw 1— )
ey den | Tdoy . 0=
dt2 dt | wy dt HoQox
- jw dw) 2 2 ](1 _j)ﬂcWQ]
16, |22 NI S A Y ol
A [WA dt A oo

Ld N5 (I—Jpew 1 1 dwy ]
T codt LVax + |———F— = ———— — — IV, (A.118
za: ’ [ gotoQox gowy dt Z yo( )

where we have allowed wy and (o) to be functions of time. Since we are considering
copper, we have p. & 9. Using this approximation in equation (A.118) and grouping

real and imaginary terms we have

d2é)\+dé)\ |:< w 1 dw,\> . <2+ 1 >:|
)t TN _—
dt? Qox wy dt / Qox
~ . 1 dw,\ w
+éy |—w 14+ =] +wi+ w(————)]
/\[ < Qm) 7 wy dt - Qo
1d ~ 1 1 dwy w ~ j
U AT (. S b AT 1+ — )Y LV,
€0dtza: A £ (wA dt QoA)za: o < +Q0A>Z )‘
(A.119)

Using the approximations in equations (A.89-A.91) and the approximation that
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Qox > 1, the mode amplitude for the electric field is

+€,\

w [ —
T
L+ 5 Qox

1 1 d . 1 w Z - Jw Z =
= IaVa + — Iava - Iava ) A120
601+$dt§az A 60@0)\ o A o B A ( )

[ 'w
dt J

dé,\[w 2+$
1
QO)\ 1+®

2 542
Wy 2 ](A)]

where we have divided equation (A.119) by the factor 1 4+ 1/Qox.

Since the cavity described in Chapter 2 can be considered a two-port device for the
diagnostic mode, we may use equation (A.120) to model its response to input signals.
We will call @ = 1 the fundamental mode in port one and a = 2 the fundamental

mode in port two. Expanding equation (A.120) to a = 2 and multiplying by Vi, we

get
d (Viréx w 245 . w? jw?
(c;t )[Q _]wl—i-ﬁ + (Viaér) 1+L_w2_Q—
0A Qox Qox 0A
1 1 d ~ ~ 1 w ~ -
=== (VAL + ViaVaa ) + == (VAL + ViV
ol + e dt €0 o

- Jg_w <‘/12/\I~1 + V1>\V2/\f~2> . (A121)
0
Using the definition of external @ from equation (A.99) we have

gowrZel E0wWrZe2

Vin = Vo =
Qel)\ ’ Qe2/\ ’

(A.122)

where Z.; and Z., are the characteristic impedances of ports one and two and Q.1
and (.o are the external QQ’s for ports one and two respectively. Thus, using equa-
tion (A.97)

~ Enw ~ ~
VL= (F-7), (A.123a)

7 oW ch T Tr—
VoaVinly = ——2 2 V=75 ). A.123b
il = G 7 (5 ) (A-1230)
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Using equations (A.94) and (A.96) we also have

Vit =V =2V = Viséy, (A.124a)
Vs % 1/ 7 e Ze ~
Ty =Ty = 20— Vasey = 205t — [ 2 \ 22 Viséy. (A.124D)
Qe2)\ ch

Using equations (A.123-A.124), the mode amplitude for the electric field is finally

written as

d(Vire w w 1 1 C 2+ TaTeS
(Virénr) n /\1 < " > iw Qin

dt Qox =— \Qe1x  Qe2x 1+ 5=

w? 1 1
+ (V1né A W {— + w ( + ) }
(Fré)) 1+ ﬁ Qox N\ Qe | Qenn
o 2&))\ 1 d‘/l 1 ch dV‘z
1+ ﬁ Qe dt \/ Qe1rQe2x

v 1 Zor
Qelz\ V Qel)\Qfﬁ)\

+ 2ww), <Q0)\ )

where we have used the approximations Qgy > 1, Q.1 > 1 and Q.\ > 1. Equa-
tion (A.125) allows us to find the mode amplitude of the electric field in the cavity

knowing the input voltages V;* and V;". The equation for a one-port cavity can be

v2 . (A.125)

found by allowing Q.on — 00.
What is usually measured in the lab are the reflected waveforms 171’ and ‘72’ with
known inputs. We will show in the next sections that the measurment of the reflected

waveforms may be used to determine wy, Qox, Qe1x and Qeoy.

A.4.2 Reflection Coefficient For One-Port Cavity

In this section, we will consider a cavity with only one port. A two-port cavity is
considered in section A.4.3.
If we let wy and @y remain constant, then we may repeat the analysis in the pre-

vious section with Fourier transforms instead of phasors as was done in section A.3.4.
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Using the assumptions that oy > 1 and Q.1 > 1 and letting Qe2n — 00 we have
for the mode amplitude of the electric field [57]
>  wy d 2w dViT (1)

— 4+ 2 2| Vet = A.126
a2 Qpadt T o(t) Qun  dt ( )

where we have rewritten QQ.1) as Q. and defined a cavity voltage
Vo = Viaen, (A.127)

for simplicity. Equation (A.126) highlights the cavity as a damped-driven oscillator
and is useful for most calculations of cavity response. This equation also shows
that a cavity is understood if its resonant frequency, wy, as well as its unloaded
and external QQ’s are known. These quantities can be determined by measuring the

reflected waveform V,~ = Vo — Vi in the time-domain or frequency-domain.

Time-domain

As usual, we drive the cavity system at an angular frequency w and adopt the pha-
sor notation in equations (A.57) and (A.82), except we will use an ¢/“! dependence
on time. The assumption of an ¢/“! dependence for the cavity voltage is correct if

Qo) > 1 and Q. > 1. If we use the approximation

| €W Ve, (A.128)
then equation (A.126) is reduced to
A <jwwA 5 2) ~ 2jwwy ~
2jw——=+ +wy—w ) Vo= Vi A.129
a Qra g 7 Qa ! ( )

Let us drive a cavity at its resonant frequency, w = wy, with a square input pulse

of length 7). The pulse length will be much longer than an RF period, 27/w, so we
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may take V;" as a constant. Hence, equation (A.129) is reduced to

d (Ve(t Vet
d(Vol)) | on (Vo)) _ @ (A.130)
dt ‘/'IJr 2QL/\ Vl+ Qe)\
If the cavity is initially empty of fields then Vg(t = 0) = 0 so the solution for the
cavity voltage is N
Vc(t) 2QL/\ |: ( a))\t >:|
— = l—exp| — . A.131
Vit Qex 2Q 1 ( )
We define the coupling coefficient as
Qox
B = . A132
Qe)\ ( )

If we remember that 1/Qp) = 1/Qox + 1/Qex and use continuity \N/l_ =V — ‘71+ then

the reflection coefficient is

‘A//vl_(t) _ 5 -1 25 eft/T

7 - 0<t<T,, A.133
VS B+l A+l == (A.133)

where 7 = 2Q\/w is known as the fill-time. Note that the loaded QQ may also be

written as 0
)
= ) A.134
Qi =12 (A134)
For t > T}, the RF drive is off and equation (A.129) is reduced to
dVC Wy =~
— Ve=0 A.135
a T2, ¢ (A.135)
where 171+ = 0. Using continuity at ¢ = T}, the reflection coefficient is
Vo (t 2
L) _ 28 [T —1]e ™ t>T,, (A.136)

Vo146

where Vo =V, + Vit =V,
Plots of V; (t)/V;" are shown in Figure A.6 for three different values of 3. For the
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Figure A.6: V| (¢)/V;" for various .
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case where # = 1, the cavity is critically-coupled. In this case, the reflected waveform
goes to zero as the cavity is filled with energy as shown in region 3 of Figure A.6. For
B > 1, the cavity is over-coupled and the reflected waveform never reaches zero in
region 3. For 8 < 1, the cavity is under-coupled and the reflected waveform crosses
zero.

Initially at ¢ = 0, the RF drive signal is fully-reflected and the cavity acts like an
electric short as shown in region 1. In region 2, the cavity is filling with energy as
characterized by the fill-time 7, and the reflected waveform is decreasing. In region
3, the cavity reaches steady-state (if 7, 2 57) and the absolute value of the reflected
waveform reaches a minimum. Another spike occurs in region 4 when the RF drive
turns off. If # > 1, then the height of this spike is greater than the spike of region
1. If B < 1, the height of this spike is lower than that of region 1. Finally, in region
5, the reflected waveform decays with characteristic time 7 as energy leaks out of the
cavity.

The coupling coefficient 8 is determined by measuring the signal in region 3.
@ is found by measuring the fill-time, 7, from either region 2 or region 5. From
these two quantities, QYo and Q) are determined. The resonant frequency of the
cavity is determined by sweeping the RF drive in frequency until the signal in region
3 reaches a minimum. The reflection from the cavity is always minimum at the
resonant frequency.

In most cases, only the magnitude of the reflected waveform is measured. For
example, if the waveform is measured with crystal detectors, then the voltage shown
on an oscilloscope is proportional to the RF power. Hence the measurement is of
\Zn (t)/Vﬂ2 as shown in Figure A.7. One qualitative difference is that the signal
never crosses zero in the over-coupled case. The signal bounces from zero in region
3. We must also be careful when measuring Q7. In region 2, the signal will decay
with two different rates because we are measuring the square of V; /V;". Because of
this fact, it is always best to measure the fill-time in region 5 as seen by squaring
equation (A.136).
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Frequency-domain

Another method to measure the circuit parameters of a cavity is by measuring its
response in the frequency-domain. This type of measurement is most easily accom-
plished with a network analyzer. A network analyzer measures forward and reflected
power from the cavity as a function of frequency and automatically displays the result
as S (w). Sy is the reflection coefficient, V" (w)/V;", in the frequency-domain and
is part of a construct in microwave network theory known as S-parameters [37, 45].

In the frequency-domain, equation (A.126) becomes

. Y N
Qra Qe

If we define the tuning angle i as [57]

tant = Qpx (ﬂ . i) , (A.138)
w Wh
then the cavity voltage can be written as
~ 23 e
Vo = TV A.139
©=133 cos Ye’'V] ( )

Since \N/l_ = Ve — \N/f’, the reflection coefficient is

V28 o
—‘7—#—1+Bcos1/)e -1 —

S (w) <y << (A.140)

ro | 3
bo | 3

A vector network analyzer will measure and display the magnitude and phase of
S11(w). The magnitude and phase of Sj; is given below and plotted in Figure A.8 for

over and under-coupled cases

|S11] = \/1 - (1%65)2 cos? 1), (A.141a)

in 2
/Sy = arctan _sin2y T |- (A.141b)
cos 2¢ — 3
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A Frequency A Frequency

(a) Magnitude of S;; for 8 =1.6 (b) Magnitude of Sy; for 8 =1/1.6

0 Frequency A Frequency
(c) Phase of Sy1 for 8 = 1.6 (d) Phase of Sy; for 8 =1/1.6

Figure A.8: 511 (w)
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The resonant frequency occurs where 1 = 0 and |S11| is a minimum. £ is determined

from the minimum of |Sy |
8 —1]
f+1

However, we do not know from this measurement if 5 > 1 or # < 1. This ambiguity

(A.142)

min |SH| =

can be determined by looking at the slope of the phase of S;; at w = wy. This slope

is
d/S|
dw

dy
dw

déSH 4QL)\ 1
_ — - A.143
w=wy dlb wy 1-— % ( )

If B > 1 then the slope is negative. If 5 < 1 then the slope is positive.

¥»=0 w=w)
The loaded Q is determined by measuring the frequency difference of a particular
value of |S1;| about the resonant frequency wy (see Figure A.8). It is helpful to write

the reflection coefficient as a function of this frequency difference, Aw,

1
w=wy— §Aw where Aw < wy. (A.144)
The tuning angle becomes
w w wy +w) (wx —w Aw
tant) = Qpx [—/\ - —] = QL [( 2t w) (wr —w) ~Qa—- (A.145)
w Wi W)y Wi

Hence the reflection coefficient becomes

48 2
|S11(Aw)| = \/1 AT AT S%AAM' (A.146)

Solving equation (A.146) for Q. gives

_ o [ 4P ! _
Qrr = Aw \/(1 + ﬁ)2 1— |SH(AM)|2 1. (A147)

After measuring 5 and Qprx, Qox and Qe is determined from equations (A.132) and
(A.134).
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A.4.3 S-parameters For Two-Port Cavity

In this section we will derive the S-parameters for a two-port cavity. S-parameters
are only used in the frequency-domain, but we will keep this terminology for the
time-domain for simplicity. If we repeat the analysis described in the last section

with Fourier transforms, then the equation for the cavity voltage Vo = Ve, is

d2 WH 2:| 2&))\ d‘/1+ (t) 2(4),\ ch d‘/2+ (t)
— 4 2 A Ve(t) = + — A.148
|:dt2 QL/\ A C( ) Qelz\ dt Vv Qel/\QeQ)\ Zc2 dt ( )
where the loaded Q of the cavity is now defined as
1 1 1 1
(A.149)

= —+ +
QL)\ QO/\ Qel)\ Qe2)\

The methods presented here will be used to characterize the diagnostic mode of the

cavity described in Chapter 2.

Time-domain

As with the one-port case described in the previous section, we will drive the cavity
system at an angular frequency w and adopt phasor notation with an e/“! depen-
dence on time. We will only drive port one, V," = 0. Using the approximation in
equation (A.128), equation (A.148) is reduced to

e © jun
2w =< + <W* +wl - w2> Vo = ég““’*vﬁ. (A.150)
el

Driving the cavity at its resonant frequency, w = w,, with a square input pulse of

i ‘70(15) Wi ‘70(15) . Wi
dt ( ‘N/f’ ) * 2Q 1 ( XN/IJF ) Qe (A.151)

where V;* is constant. If the cavity is initially empty of fields then Ve (t = 0) = 0 so

length T), gives
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the solution for the cavity voltage is

‘70(15) _ QQL)\ |: _ (_ w,\t >:|
T Ot 1 —exp 200 ) | (A.152)

If we define the coupling coefficients 5, and [, for ports one and two respectively as

_ Qo By = Qox
6261/\7 2 QeZ/\,

b (A.153)

and use continuity \N/l_ = Vo — ‘71+ then the reflection coefficient from port one (also

known as Sp1) is

L =y —1—yeT 0<t<T,, (A.154)

where 7 = 2Qp»/wy and v = 25, /(1 + (1 + (2). Note that the loaded Q may also be

written as

Qox
= A.155
Qs L+ f1+ B2 ( )
For t > T}, the RF drive is off and equation (A.150) is reduced to
dVC Wy =
¢ V=0 A.156
a 2Q, ¢ (A.156)
where 171+ = 0. Using continuity at ¢ = T}, the reflection coefficient is
Vi (#) T,/ Y
—— = leT —1|e T t>1T,, A.157
‘/1+ |: ] p ( )

where Ve =V, + Vit =V,
Plots of V; /V;" are similar to Figure A.6 except for the added complication of
the second port. The determination of £, by measuring the reflected power from port

one depends on the value of 3, because of transmission out the second port.
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Frequency-domain

In the frequency-domain, equation (A.148) becomes

] ~ 2jWwy ~ 2jwwy ol ~
B L O w?) Ve = v+ Vit A.158
( QL/\ A ¢ Qelz\ ! V Qel/\QGZ/\ Zc2 2 ( )

Using the definition of the tuning angle from equation (A.138), the cavity voltage is

rewritten as

Ve = 2Qpx cos thel? v + Zat 7‘7; (A.159)
c = 2L . .
Qelz\ Zc2 V Qelz\Qe2/\
From [45, p. 230], the scattering parameters for a two-port network are
Vi Vs Z.
Su==-| S = = -
Vi =0 Vi ;=0 c2
Vi Z, vy
Sip = = ZQ, Sy = == : (A.160)
Vs Vit=0 el Vs Vit=0

S11 is the reflection coefficient from port one when port two is terminated in a matched

load. Ss; is the transmission coefficient from port one to port two. The same defini-

tions apply to port two. For a reciprocal network like a two-port cavity, Sa; = Sis.
Using the definition of the coupling coefficients from equation (A.153) with equa-

tions (A.124) the S-parameters for a two-port cavity are

201
L+ B+ Bo

_ 2/,
1+ 61+ B

2%,
L+ B+ Bo

S = cosel? — 1, (A.161a)

cos e’ (A.161b)
Sa2 cos el — 1. (A.161c)
Figure A.9 plots the magnitude and phase of S, Soo and Sy; for a particular choice

of parameters. A vector network analyzer will measure and display the S-parameters

of a two-port network. From these measurements, we can determine wy, Qox, Qe1x
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Figure A.9: S-parameters of two-port cavity for 5, = 0.75 and 55 = 0.15. Notice that
both port one and port two are under-coupled.
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and Qe2x-
As in the case of a one-port cavity, the resonant frequency occurs at the minimum

of |S11]. The resonant frequency also occurs at the minimum of |Sy,| and the maxi-
mum of |Sy;|. There are two methods for determining the coupling coefficients. The
first method requires the measurement of the minimums of |Sy;| and |Ss2| and the
knowledge of the slope of their phases at the resonant frequency. The second method
requires the minimums of |S;| and |Sy2| and the maximum of |Sy;|.

The minimum of | Sy, | is

: |81 = (14 Bs)]
Sy = min | Sy, | = , A.162
11 min | Sy | 1+ 6L+ By ( )
and the minimum of |Say| is
: |82 — (L + B1)]
Soom = Soo| = . A.163
22 min | Sy | 1+ B+ By ( )

If 81 > (1+ [33), then port one is said to be over-coupled. If 8; < (1 + ), then
port one is said to be under-coupled. Similar definitions apply to port two. As with
a one-port cavity, we need to know the slopes of the phases of S;; and Sy, at the
resonant frequency to determine if the ports are over or under-coupled. The slopes

are

dZSH . dlSH @ _4QL)\ 1

= = — Y, A.164a
dw w=wy dyp $=0 dw w=wy wr 1= H,é—’% ( )
d/ d/ d 4 1
Sa2 _ Sa2 dy _ QL — (A.164b)
dw oy dy V=0 dw oy wy 1— 5t

Therefore, if 5; > (1+ f3;) then the slope of ZS; is negative and if 8; < (1+ ) then
the slope of ZSy; is positive. A similar conclusion is made with £S5. Note that it
is possible for ports one and two to be both under-coupled but they cannot both be

over-coupled.
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Looking at equations (A.162-A.163) we may write

B = A (1 + Bs), By = As(1 + 1), (A.165)
where
1+Sllm > 1 _|_
A = Foum P> (1+5) (A.166)
Tt B < (14 Ba),
and

14+S22m
L+-Saom > (1+

Ay =  1-Sem fo> (14 5) (A.167)
ez B < (14 5).

From the knowledge of the maximum of |Sy|

2/ P12

So1m = max | Sy | = m, (A.168)
1 2
with A; and A,, the coupling coefficients may also be determined from
(2)" (14 4) (1+ )
b = (A.169a)

1_(521m) (1+A2)( %)
fo = (Snm A ( AL) : (A.169b)

= (5=)" 1+ A (1+4)

Notice that the determination of the coupling coefficients from equations (A.169) is

independent of whether ports one or two are under or over-coupled.
The loaded Q for the cavity may be found in a manner analogous to the method

described in section A.4.2 using data from either |Si;|, |Sa1| or |Sga|. The formulas
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are given below

W 463, (1 + f32) 1
0= R\ Tt At B T Bn(Bw)E (A1702)
_ W 45152 1 _
= X\ T o+ Bl S AP (A.170D)
QL A 18,1+ B1) ! 1. (A.170c)

T AN T+ B2l - [Swm(Aw)

Qoxr, Qe1x and Qeoy are determined from equations (A.149) and (A.153).

A.4.4 Q Measurement With Lossy Coupling

Another method by which the coupling coefficients, loaded and unloaded Q of a one-
port cavity may be determined is to examine the reflection circle on a Smith chart [45].
One such example is shown in Figure A.10 for an over-coupled cavity.

Some quick information may be gathered by inspection of the reflection coefficient
plotted on the Smith chart. If the reflection circle encloses the center of the Smith
chart, then the cavity is over-coupled (8 > 1). Likewise, if the reflection circle does not
encompass the center of the Smith chart, then the cavity is under-coupled. If there is
no loss in the coupling circuit, then the reflection circle will touch the circumference of
the Smith chart. If loss does occur, then the reflection circle will be shifted away from
the circumference of the Smith chart and the value of the overall coupling coefficient
will also shift.

An equation may be developed for this circle using an equivalent circuit [21, p.

104]. The reflection coefficient is parameterized as [21, p. 112]

a1(5 + as

A1T1
Sl (A.171)

0(6) =

where § = 2(w — wy)/wy, and aq, ay and ag are the coefficients to be fit. wy is the

loaded angular resonant frequency which is shifted slightly from the true resonant
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Figure A.10: Output from QZERO program from [21] in which the reflection circle

from a cavity mode is fit to find @)y and f.
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frequency wy. However, this shift is quite small and is not important in our analysis.

The overall coupling coefficient for a device with lossy coupling is split into two

parts. One part describes the coupling to the actual cavity while the other part repre-

sents the loss due to the coupling mechanism. However, this parameterization assumes

the loss occurs within an RF wavelength and may not be suitable for distributed loss

due to long waveguides or scattering from other components. A consistency check

can be performed by comparing the results to the equations given in Section A.4.2.

The two coupling coefficients are

K1y =

’flL_ﬁa
2(@‘@)

where dy; is the diameter of the reflection circle given by

a3 — @
dlz:2| 2*3_ 1|

a3 — as| ’

and dyy, is a parameter representing the coupling loss and is given by

gy = IRl
1 — |Ty|cos ¢’
where
1—‘d - ﬁ)
as
ro_ azas — ay
¢ as — as
S (Fd):| S (Fc - Fd)
= tan ! [ +tan ! .
’ R () R (D~ Ty)

For lossless coupling, d,;, = 2.

(A.172a)

(A.172b)

(A.173)

(A.174)

(A.175a)

(A.175b)

(A.175¢)
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The total coupling coefficient is now given by
B = Ki; + Kir. (A.176)
The loaded Q of the cavity is given by
Qr =S (a3), (A.177)
and the unloaded Q is found from the usual formula

Qo = Qr(1+ ). (A.178)

QZEROQ is a program presented in [21] that performs a fit to the data and outputs
Qr, Qo and . An example of its output is given in Figure A.10.

For a two-port cavity, the techniques described above also apply since the S-
parameters, Siy, So; and Ssy are all of the same form as equation (A.171)[30]. There-
fore the same fitting techniques described in [21] can be used to find the RF properties
of a two-port cavity with lossy coupling.

The coupling coefficients are given by

51 = K1 + K1L, (A179a)

Ba = Ka2i + Kar, (A.179b)
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with
di
K1; = s (A].SO&)
2[1- (g + )]
2
RiL = K1j (E - 1) ; (A.180b)
da;
Koj = , (A.180c)
2[1- (g + )]
2
Kor, = Ko; (E — ].) y (A180d)
2

where dy; is the diameter of the reflection circle for Sy, dyy, is the coupling loss param-
eter for Syy, do; is the diameter of the reflection circle for Sso and dyy, is the coupling
loss parameter for Syy. These parameters can be found from equations (A.173-A.174)
with ['y replaced with Si; for dy; and dy; and likewise for Sy,. The loaded Q is found
from fitting the Sy circle on the Smith chart and using equation (A.177). The un-
loaded Q for the two-port cavity is finally given by

Qo = QrL(1+ B1 + Ba). (A.181)

This method for measuring the RF properties of a two-port cavity will be used in
conjunction with the methods described in Section A.4.3 to check for consistency of

the measurement results.
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SEM Pictures of Endcaps

The following pages show additional pictures of damage to the copper endcaps pre-
sented in Chapter 4. These pictures are for documentation purposes and do not

present any information additional to that which was already discussed in Chapter 4.

B.1 Endcap 1L1

Figure B.1 shows pictures of damage to endcap 111 with a scale of 100 um. Figure B.2

shows various cracks on a smaller scale.

B.2 Endcap 1R1

Figure B.3 shows pictures of damage to endcap 1R1 with a scale of 100 um. Figure B.4

shows various cracks on a smaller scale.

B.3 Endcap 2L1

Figure B.5 shows pictures of damage to endcap 211 with a scale of 100 um. Figure B.6

shows various cracks on a smaller scale.
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B.4 Endcap 2R1

Figure B.7 shows pictures of damage to endcap 2R1 with a scale of 100 um. Figure B.8

shows various cracks on a smaller scale.

B.5 Endcap 1L2

Figures B.9-B.10 shows pictures of damage to endcap 1L2 with a scale of 100 um.

Figure B.11 shows various cracks and slip bands on a smaller scale.

B.6 Endcap 1R2

Figures B.12-B.13 shows pictures of damage to endcap 1R2 with a scale of 100 pm.

Figure B.14 shows various cracks and slip bands on a smaller scale.
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Figure B.1: Pictures of cracks on endcap 1L1 in the area of maximum temperature
rise. The length scale in all pictures is 100 pm.
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Figure B.2: Pictures of cracks on endcap 1L1 in the area of maximum temperature
rise. The length scale in all pictures is 10 pm.
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Figure B.3: Pictures of cracks on endcap 1R1 in the area of maximum temperature
rise. The length scale in all pictures is 100 pm.
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Figure B.4: Pictures of cracks on endcap 1R1 in the area of maximum temperature
rise. The length scale in all pictures is 10 pm.
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Figure B.5: Pictures of cracks on endcap 2L1 in the area of maximum temperature
rise. The length scale in all pictures is 100 pm.
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Figure B.6: Pictures of cracks on endcap 2L1 in the area of maximum temperature
rise. The length scale in all pictures is 10 pm.
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Figure B.7: Pictures of cracks on endcap 2R1 in the area of maximum temperature
rise. The length scale in all pictures is 100 pm.
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Figure B.8: Pictures of cracks on endcap 2R1 in the area of maximum temperature
rise. The length scale in all pictures is 10 pm.
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Figure B.9: Pictures of damage on endcap 1L2 in the area of maximum temperature
rise. The length scale in all pictures is 100 pm.
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Figure B.10: Pictures of damage on endcap 1L2 in the area of maximum temperature
rise. The length scale in all pictures is 100 pm.
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Figure B.11: Pictures of cracks on endcap 1L2 in the area of maximum temperature
rise. The length scale in all pictures is 25 pm.
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Figure B.12: Pictures of damage on endcap 1R2 in the area of maximum temperature
rise. The length scale in all pictures is 100 pm.
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Figure B.13: Pictures of damage on endcap 1R2 in the area of maximum temperature
rise. The length scale in all pictures is 100 pm.
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Figure B.14: Pictures of cracks on endcap 1R2 in the area of maximum temperature
rise. The length scales in the pictures are 10 um and 25 pum.



Bibliography

1]

2]

[10]

Milton Abramowitz and Irene A. Stegun, editors. Handbook of Mathematical
Functions With Formulas, Graphs, and Mathematical Tables. National Bureau
of Standards, Washington, D.C., ninth edition, 1970.

Ansoft. Ansoft HFSS Ver 5. http://www.ansoft.com, Pennsylvania, 1998.

Julie A. Bannantine, Jess J. Comer, and James L. Handrock. Fundamentals of
Metal Fatigue Analysis. Prentice Hall, New Jersey, 1990.

O. H. Basquin. The exponential law of endurance tests. Am. Soc. Test. Mater.
Proc., 10:625-630, 1910.

J. Bauschinger. Mitt: Mech-Tech Lab., 13(1), 1886.

J. V. Beck, K. D. Cole, A. Haji-Sheikh, and B. Litkouhi. Heat Conduction Using

Green’s Functions. Hemisphere Publishing Corporation, London, 1992.

Matéj Bily, editor. Cyclic Deformation and Fatigue of Metals. Number 78 in

Materials Science Monographs. Elsevier, Amsterdam, 1993.

Bruno A. Boley and Jerome H. Weiner. Theory of Thermal Stresses. Dover
Publications, Inc., New York, 1997.

Gordon B. Bowden. Rf surface heating stresses. Technical Report NLC ME
NOTE 8-96, Stanford Linear Accelerator Center, August 1996.

W. Bruns. Improvements in gdfidl. In Proceedings of the 1999 Particle Acceler-
ator Conference, pages 2767-2768. IEEE, 1999.

267



BIBLIOGRAPHY 268

[11] Richard L. Burden and J. Douglas Faires. Numerical Analysis. PWS Publishing
Company, Boston, fifth edition, 1993.

[12] Pei Chi Chou and Nicholas J. Pagano. Elasticity: Tensor, Dyadic, and Engi-
neering Approaches. Dover Publications, Inc., New York, 1992.

[13] L. F. Coffin, Jr. A study of the effects of cyclic thermal stresses on a ductile
metal. Trans. ASMFE, 76:931-950, 1954.

[14] Robert E. Collin. Field Theory of Guided Waves. IEEE Press, New York, second
edition, 1991.

[15] J. Gao. Analytical formula for the coupling coefficient 5 of a cavity-waveguide
coupling system. Nuclear Instruments and Methods in Physics Research A,
309:5-10, 1991.

[16] CST GmbH. MAFIA User Guide 4.00. http://www.cst.de, Darmstadt, Ger-
many, 1998.

[17] I. S. Gradshteyn and I. M. Ryzhik. Table of Integrals, Series, and Products.

Academic Press, Inc., San Diego, California, fourth edition, 1980.

[18] R. W. K. Honeycombe. The Plastic Deformation of Metals. Edward Arnold,
London, 1984.

[19] IEEE. Proceedings of the 1997 Particle Accelerator Conference, 1997.

[20] John David Jackson. Classical Electrodynamics. John Wiley & Sons, New York,
second edition, 1975.

[21] Darko Kajfez. @) Factor. Vector Fields, Oxford, Mississippi, 1994.

[22] Mirko Klesnil and Petr Lukds. Fatigue of Metallic Materials. Number 71 in

Materials Science Monographs. Elsevier, Amsterdam, 1992.

[23] V.F. Kovalenko. Physics of Heat Transfer and Electrovacuum Devices. Sovetskoe
Radio, Moscow, 1975.



BIBLIOGRAPHY 269

[24]

[25]

[26]

[27]

28]

[29]

[30]

[31]

32]

[33]

Donald E. Kreinheder and Terrance D. Lingren. Improved selectivity in cylin-

drical tegy; filters by tes; /tes;; mode control. IEEE Transactions on Microwave
Theory and Techniques, 30(9):1383-1387, 1982.

Norman M. Kroll and Xin-Tian Lin. Computer determinations of the properties
of waveguide loaded cavitites. In Proceedings of the 1990 Linear Accelerator
Conference, 1990.

Norman M. Kroll and David U. L. Yu. Computer determination of the external

q and resonant frequency of waveguide loaded cavities. Partical Accelerators,
34:231-250, 1990.

Kaneyuki Kurokawa. The expansions of electromagnetic fields in cavities. IRE
Transactions on Microwave Theory And Technology, 6:178-187, 1958.

Kaneyuki Kurokawa. An Introduction To The Theory Of Microwave Circuits.
Academic Press, New York, 1969.

L. D. Landau and E. M. Lifshitz. Theory of Elasticity. Number 7 in Course of
Theoretical Physics. Pergamon Press, Oxford, second edition, 1970.

Kenneth Leong and Janina Mazierska. Accounting for lossy coupling in mea-
surements of g-factors of transmission mode dielectric resonators. In Proceedings

of the Asia Pacific Microwave Conference, pages 209-212, 1998.

David R. Lide, editor. CRC Handbook of Chemistry and Physics. CRC Press
LLC, eightieth edition, 1999.

Xintian E. Lin. Diamond coating in accelerator structure. Technical Report
ARDB-185, Accelerator Research Department B, Stanford Linear Accelerator
Center, August 1998.

Peter Linz. Analytical and Numerical Methods for Volterra Equations. Society
for Industrial and Applied Mathematics, Philadelphia, 1985.



BIBLIOGRAPHY 270

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Gregory A. Loew. Alternate approaches to future electron-positron linear collid-

ers. In Siemann [51], pages 27-33.

Gregory A. Loew and J. W. Wang. Rf breakdown studies in room temperature
electron linac structures. Technical Report SLAC-PUB-4647, Stanford Linear
Accelerator Center, May 1988.

S. S. Manson. Behavior of materials under conditions of thermal stress. In Heat
Transfer Symposium, pages 9-75. University of Michigan Engineering Research
Institute, 1953.

R. Mavaddat. Network Scattering Parameters. Number 2 in Advanced Series in

Circuits and Systems. World Scientific, Singapore, 1996.

William H. McAdams. Heat Transmission. McGraw-Hill Book Co., Inc., New
York, third edition, 1954.

C. G. Montgomery, R. H. Dicke, and E. M. Purcell, editors. Principles of Mi-
crowave Circuits. Number 8 in Radiation Laboratory Series. McGraw-Hill Book
Company, Inc., New York, 1948.

Philip M. Morse and Herman Feshbach. Methods of Theoretical Physics, Part 1.
McGraw-Hill, Inc., New York, 1953.

Henry M. Musal, Jr. Thermomechanical stress degradation of metal mirror sur-
faces under pulsed laser irradiation. In Laser Induced Damage in Optical Mate-
rials 1979, pages 159-173, 1980.

Oleg A. Nezhevenko. On the limitations of accelerating gradients in linear col-
liders due to the pulse heating. In Proceedings of the 1997 Particle Accelerator
Conference [19], pages 3013-3014.

Hasan Padamsee, Jens Knobloch, and Tom Hays. RF Superconductivity for
Accelerators. John Wiley & Sons, Inc., New York, 1998.



BIBLIOGRAPHY 271

[44]

[45]

[46]

[47]

48]

[49]

[50]

[51]

[52]

[53]

[54]

Jaroslav Poldk. Clyclic Plasticity and Low Cycle Fatigue Life of Metals. Num-
ber 63 in Materials Science Monographs. Elsevier, Amsterdam, 1991.

David M. Pozar. Microwave Engineering. Addison-Wesley Publishing Company,
Reading, Massachusetts, first edition, 1990.

William H. Press, Saul A. Teukolsky, William T. Vetterling, and Brian P. Flan-
nery. Numerical Recipes in C: The Art of Scientific Computing. Cambridge
University Press, New York, second edition, 1992.

D. P. Pritzkau et al. Experimental study of pulsed heating of electromagnetic
cavities. In Proceedings of the 1997 Particle Accelerator Conference [19], pages
3036-3038.

David P. Pritzkau. Coupled cavity-waveguide calculations. Technical Report
ARDB-43, Accelerator Research Department B, Stanford Linear Accelerator
Center, April 1997.

David Roylance. Mechanics of Materials. John Wiley & Sons, Inc., New York,
1996.

Robert H. Siemann. Advanced electron linacs. In Symposium on Electron Linear
Accelerators: In Honor of Richard B. Neal’s 80th Birthday [51], pages 45-54.

Robert H. Siemann, editor. Symposium on Electron Linear Accelerators: In
Honor of Richard B. Neal’s 80th Birthday. Stanford Linear Accelerator Center,
September 1997.

L. S. Sokolnikoff. Mathematical Theory of Elasticity. Robert E. Krieger Publishing
Company, Malabar, Florida, second edition, 1956.

S. Suresh. Fatigue of Materials. Number 8 in Cambridge Solid State Science Se-
ries. Cambridge University Press, Great Britain, Cambridge, first edition, 1991.

Richard A. Swalin. Thermodynamics of Solids. John Wiley & Sons, Inc., New
York, 1962.



BIBLIOGRAPHY 272

[55] S. P. Timoshenko and J. N. Goodier. Theory of Elasticity. McGraw-Hill Pub-
lishing Company, New York, third edition, 1970.

[56] Arnold E. Vlieks et al. Breakdown phenomena in high power klystrons. Technical
Report SLAC-PUB-4546, Stanford Linear Accelerator Center, March 1988.

[57] David H. Whittum. Introduction to electrodynamics for microwave linear accel-
erators. Technical Report SLAC-PUB-7802, Stanford Linear Accelerator Center,
April 1998.

[58] Perry B. Wilson. Scaling linear colliders to 5 tev and above. In ITP Conference on
Future High Energy Colliders. University of California, Santa Barbara, October
1996.



