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Abstract

A high-gradient electron accelerator is desired for high-energy physics research,
where frequency scalings of breakdown and trapping of itinerant beamline particles dictates
operation of the accelerator at short wavelengths. The first results of design and test of
a high-gradient mm-wave linac with an operating frequency at 91.392 GHz (W-band) are
presented. A novel approach to particle acceleration is presented employing a planar, dielec-
tric lined waveguide used for particle acceleration. The traveling wave fields in the planar
dielectric accelerator (PDA) are analyzed for an idealized structure, along with a circuit
equivalent model used for understanding the structure as a microwave circuit. Along with
the W-band accelerator structures, other components designed and tested are high power rf
windows, high power attenuators, and a high power squeeze-type phase shifter. The design
of the accelerator and its components where eased with the aide of numerical simulations
using a finite-difference electromagnetic field solver. Manufacturing considerations of the
small, delicate mm-wave components and the steps taken to reach a robust fabrication pro-
cess are detailed. These devices were characterized under low power using a two-port vector
network analyzer to verify tune and match, including measurements of the structures’ fields
using a bead-pull. The measurements are compared with theory throughout.

Addition studies of the W-band structures were performed under high power uti-
lizing a 11.424 GHz electron linac as a current source. Test results include W-band power
levels of 200 kW, corresponding to fields in the PDA of over 20 MV /m, a higher gradient
than any collider. Planar accelerator devices naturally have an rf quadrupole component of

the accelerating field. Presented for the first time are the measurements of this effect.
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Chapter 1

Introduction

J. J. Thomson’s discovery of the electron in 1897 using a cathode ray tube marks
the beginning of high energy physics (although the electrons in his study were moving only
one-tenth the speed of light). The cathode ray tube was the first “accelerator” though it
would be more precisely termed “liberator” for emitting electrons from the cathode’s hot
surface, giving the first precision measurement of the electron — its charge to mass ratio.
A next major step came in 1910 when H. Geiger and E. Marsden performed experiments
scattering a-particles off of a gold foil which led to Rutherford’s presumption that atoms
are mostly void with dense centers. In 1932, in another experiment using polonium as an
a-particle source, Chadwick discovered the neutron. Particle physics began to take shape
in 1931 when looking at cosmic rays, C. Anderson discovered the positron.

Experimental particle physics is based on the use of three types of sources: ra-
dioactive elements, comic rays and particle accelerators. The years following 1931 flourished
using these sources and today, with a few notable exceptions, high energy physics relies ex-
clusively on particle accelerators. High energy physics requires a high-energy accelerator
and the trend toward the exponential growth of the size of these machines is prohibitive.
Looking forward, the Large Hadron Collider at CERN is the one machine being built that
will push the energy frontier beyond the 2 TeV proton machine at Fermi Lab. There are
studies looking at future machines for electrons such as the Next Linear Collider (NLC) and
the Compact Linear Collider (CLIC). Both electron machines hope to reach the TeV-scale,
but their size of tens of kilometers and subsequent cost is daunting. The NLC has another
problem of note. The NLC hopes to run at a gradient of 100 MV /m, however, up to the

time of writing, the collaboration has not been able to sustain field levels of more than
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70 MV /m without damage [1].

A compact machine for reaching the TeV-scale and beyond requires high electric
field gradient and hence a new type of accelerator. Breakdown, trapping and pulsed heating
dictate that such a high field requires a high-frequency structure. Looking for a practical
program of research in this area, we first investigated scaling laws for RF accelerators by
R. Palmer and his discussions of open structures for use in laser acceleration of particles [2].
This reading sparked an interest in using very small closed RF cavities at laser wavelength
scales. We considered the use of planar substrates to fashion laser-driven accelerator struc-
tures. This interest in planar devices led to the work of H. Henke at the Technische Univer-
sitdt in Berlin on planar rf cavities at 100 GHz. At the same time, the Accelerator Research
Division B (ARDB) had formed at the Stanford Linear Accelerator Center (SLAC) and was
pursuing the design of a high-gradient linac at 91.392 GHz (W-band). Discussions with
Henke and with SLAC led to the impetus of this work, the design, fabrication and test of
components needed for a charged particle accelerator at W-band.

In this work we report development and test of components necessary for build-
ing a high-gradient linear accelerator. These components include vacuum and high-power
compatible flanged waveguide (WR10), alumina ceramic windows [3], squeeze-type phase-
shifters [4], a single cell accelerator structure [5] and a W-band accelerator, based on a
traveling-wave planar dielectric structure [6].

Previous attempts have been made to fashion reliable and robust multi-cell traveling-
wave structures at mm-wave frequencies [7]; however these have proved difficult to assemble
accurately, prone to failure of thin coupling irises, and difficult to bond at current-carrying
joints [8]. In the meantime we have chosen to pursue an alternate approach to fashion a
structure amenable to high-gradient acceleration employing dielectric loaded waveguide in
a slab geometry.

D. Palmer reported problems in manufacture of 91 GHz coupled cavity structures
[9]. Significant damage to the coupling irises during diffusion bonding as well as poorly

“zipper” structure as

bonded joints, were two problems of note. N. Kroll suggested the
an alternative to the more conventional design that does not require diffusion bonding.
E. Lin suggested the planar dielectric accelerator (PDA) structure, made from a featureless
dielectric strip brazed to copper, as another alternative that does not require the many small
features of the disk loaded structure. The “zipper” and PDA structures were designed and

manufactured in parallel, where we present results for the PDA in this thesis.
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We successfully designed, fabricated, and characterized 91 GHz devices using EM
simulations, circuit equivalent models, electro-discharge machining (EDM), and a home
built W-band vector network analyzer (VNA). Successful tests under low power conditions
led us to study these structures under high fields. High power W-band sources are also
being studied in parallel; however rather than wait for the development of these devices, we
opted to utilize an X-band bunched electron beam to power the W-band structures.

There is a history of beam-powered accelerator devices, starting with J. Rosen-
zweig’s observations of plasma wake-field acceleration at Argonne National Lab (ANL) [10].
J. Wang studied wake-fields in X-band structures at ANL [11], followed by Westenskow, et
al. , powering a relativistic klystron at X-band with an induction linac [12]. C. Adolphsen
made further studies of wake-fields in X-band structures at the ASSET facility at SLAC
[13]. S. Lidia continued relativistic klystron studies at CESTA in France [14]. Here we
present W-band studies of accelerator structures sub-harmonically driven by the NLCTA;
the first work of its kind at 91.392 GHz [15].

The organization of this thesis is as follows. In Ch. 2 we introduce the concepts
of RF acceleration and limitations of currently proposed accelerators. These limitations
motivate this work at W-band and the development of novel structures. Ch. 3 presents the
theory of the planar dielectric accelerator including a circuit analysis useful for understand-
ing the results of bench measurements described in Ch. 4 where we design and cold test
devices necessary for a W-band linac. The work includes W-band accelerator structures and
high power components including attenuators, an rf window and phase shifter. In Ch. 5,
we go on to describe the facility developed for test of these components at the NLCTA and
the results of these tests. In Ch. 6, we provide conclusions from this work and propose

experiments for future development of W-band and higher frequency accelerators.



Chapter 2

RF Linacs

In this chapter we introduce ideas and concepts for accelerators and give the mo-

tivation for W-band. We also introduce the NLCTA and its beam diagnostics.

The design of the RF linac is virtually unchanged since its development in the
years 1947 to 1955. Alternatives to RF linacs such as circular machines (SPEAR, LEP,
CESR) have produced a wealth of physics and particle discoveries. Linear machines have
generally lagged in technology and in making measurements in the energy frontier, however
this will change because of the limit of circular machines by synchrotron radiation. For
this reason, fixed target experiments at linear machines have been used mostly for precision
measurements. One notable exception is the work of R.Taylor, et al. , finding the first
evidence of sub-structure of the proton, now known as quarks. When considering a linear
collider, the rates of eTe™ reactions is equal to the luminosity times the cross-section. The
cross-section scales inversely with the square of the center of mass energy, assuming the
absence of any particle production resonances. This fact, drives the requirement for a high
energy machine, say in the TeV range, to provide very high luminosity in the range of 1033

to 103 cm—2s7 1.

Reaching luminosity of this scale requires very small bunch sizes and high charge
per bunch. Achieving these small bunch sizes requires a very low emittance beam. Low
emittance and high charge are typically competing characteristics because high bunch charge

creates correspondingly large wake fields that in turn increase bunch emittance.
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2.1 Principles of RF acceleration

Acceleration of charged particles is accomplished by subjecting these particles to

electric and magnetic fields. The force felt by a particle is
F=q(E+7xB), (2.1)

known as the Lorentz force. The cathode ray tube (CRT) was the first accelerator; a form of
which is in nearly every home. In the CRT, a static electric potential accelerates electrons
from the cathode to the anode. Electric plates and magnetic coils along the vacuum tube
control the direction of the electrons. DC electric fields can be used for acceleration, however
they are limited to a potential of a few MV.

When a particle is accelerated its velocity, Vv, increases, but more importantly its

inertia increases according to the relativistic formula

E = ymc? (2.2)

2 —-1/2
v = (1 - C—2> (2.3)

where m is the particle’s rest energy and c the speed of light in a vacuum.

The kinetic energy of a particle is then the total energy minus the rest mass
1/2
e=mc®(y—1) = (m204 + 02]3'2) 2 mc?. (2.4)

where ' is the particle’s momentum. Looking at Eq. (2.1) and

di -
— =F 2.5
g (2.5)

we see that a particle’s kinetic energy cannot be increased by a magnetic field, only by
an electric field. When considering deflection, however, for a highly relativistic particle,
a 1 Telsa field is equivalent to a 300 MV /m field making bending magnetics much more
effective for beam steering.

The electric and magnetic fields of Eq. (2.1) must obey the following Maxwell’s

equations

[ ]

ou

I
>

\Y (2.6)

<
[ ]
o]}
Il

o

(2.7)
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. . 0B
VXE=—— 2.8
=, (28)
. . 9D -
VxH=—+4J. 2.9
X o + (2.9)
A particle is accelerated along a trajectory according to
d .
d—i — gie E, (2.10)

where to get past the MV limit, one could use time varying electric fields, or microwaves.
Two important characteristics for a linear accelerator is that the electric field is parallel to

the particle’s motion and in time with the particle to give a net acceleration
Ae = /ds E)| cos (wt — ks). (2.11)

where we define 9 = wt — ks and we require the condition

dp  w

—=——k>0. 2.12
T (2.12)

However, in free space 7 = c¢ and the particles velocity, |¥|, is less than the speed of light.

The consequence is that the propagating wave front moves past the particle continually
accelerating and decelerating the particle for |[Ae = 0.

There are two solutions to this problem. The first is to shield the electron from
the field at times when the wave would decelerate it. The second is to spatially confine
electromagnetic fields using conductive or dielectric material and boundaries in a way that
slows the phase velocity of the wave to less than the speed of light. Consider the classic
example of the pillbox type cavity. There are many resonances inside a pillbox cavity; take
the lowest resonance, the fundamental mode. A charge moving through the field contained
inside the cavity is timed so that while it is inside the cavity, it will experience an accelerating
potential.

The simplest accelerating structure is a single cavity and can be described as an

externally coupled RLC circuit

d? w, dV, wy d _ wy d _ dl
(ﬁ“’%) Vo= Tora VE V) g (Vi V) m 2 1)

where V, is the cavity voltage and VLJr and V;{ are the voltages coming into the cavity from
the left and right side. Similarly, V; and V5 are the voltages coming out of the cavity.

Analysis of this circuit is a subject of the next chapter.
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O O
A R cC —— L I, V. Vi

O O

LN LN 8567A16

Figure 2.1: An equivalent circuit for a cavity coupled to a beam and to another circuit to
the right and left where Vi = VL+ + V.

S~~——~"
S~—~"
S~~——~"
S~~——~" S~~——~" S~~——~" S~~——~"
=< =< =< =<

O s [ s [ re—>¢ %0 se—>¢
— — — —

Figure 2.2: A string of cavities are coupled to a waveguide from the top and coupled to
each other through the beam passing iris.

One way to picture a more realistic RF accelerator is to imagine a string of these
cavities coupled together as in Fig. 2.2. By choosing dimensions properly, this string of
coupled oscillators can be made to give continuous acceleration along the particles path.

To accelerate a particle to high energy over a long distance, one must maintain
RF phase synchronization with the bunch pulse. Microwave power in free space cannot
accelerate particles, in first order, because there is no longitudinal electric field. As shown
in Fig. 2.3, microwaves in a smooth waveguide can have a longitudinal electric field, but

one must introduce material to reduce the phase velocity to the speed of light. This can be
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Figure 2.3: Smooth waveguide with phase velocity greater than the speed of light is pictured
on top. A disk-loaded waveguide (middle) has irises that impede the wave propagation to
slow the phase velocity. The bottom picture is of a dielectric-loaded waveguide where the
dielectric slows the wave.

accomplished in many ways. The most common is to periodically add an iris to form what
is called a disk loaded waveguide. A more interesting approach is to slow the phase velocity

by introducing a dielectric material, to be described in Ch. 3.
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2.2 Beam Dynamics

Not only is acceleration of the beam important, but maintaining beam emittance
is equally necessary. Keeping the beam near the center of the accelerator structure also
helps to reduce wake fields. A well designed linac would have a growth factor < 1, meaning
that an offset at the beginning of the linac is not amplified at the end. From this point
of view, maintaining control of the beam position through the linac until the IP is highly
desirable.

The bunch size through the linac is an important consideration. The beam size in

a drift depends on the beam phase space, or emittance, as

€
02 (s) = S + 0% (s — 5.)°
g
X
where the beam emittance is
e2 = o202 —02,. (2.14)

The transverse motion of a particle through a linac can be described by

+o0
. 1 - .
B (71, 1) = / ds {—EL 4 BL} . (2.15)
V (Fl7s7t+%)
—00
where we arrive at the Panofsky-Wenzel theorem [16],
0P, o
- — 2.1
at VLI/Ca ( 6)

As shown previously, controlling the transverse motion of the beam is desirable with mag-

netic fields. The magnetic field through the linac can be describe with a magnetic potential

such that
B=Vo. (2.17)
so giving the momentum change
AF=—ed x V 9, (2.18)
where
+00
) = [ ds (o). (2.19)
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g ° X® °
X X® X Xe

monopole y-dipole x-dipole skew quad normal quad

X

Figure 2.4: Electromagnetic multipoles depicted according to the symmetry of the charac-
teristic voltage witnessed by a relativistic beam, traveling into the page.

and we have that 1 satisfies Laplace’s equation in the transverse coordinates

oo

P (7)) = Z " {am, cos (m@) + by, sin (me)}. (2.20)

m=0

Written in Cartesian coordinates
Y = ag + a1z + by + az(z® — y?) + 2bozy + az(z — 3zy?) + b3(32%y — v°) +... (2.21)

1) is described in terms of its n-pole components seen in Fig. 2.4

2.3 Limitations

Particle accelerators have certain properties that ultimately limit the achievable
energy gain. Some of these limitations are fundamental, e.g. breakdown and trapping, while
other limitations are more practical. For example, the accelerators length is limited by real
estate and power consumption.

An electron bunch traveling through an unpowered accelerator structure will ra-
diate power into the structure, losing some energy. The beam induced longitudinal wake

fields are described with the help of a wake field formalism,

d T
£m027 =e / dr'Wy (r = 7') I (1), (2.22)

that describes the loss of energy and consequent bunch energy spread. The transverse

dynamics cause by beam induced magnetic fields is described by

d T
Do —e [ Welr =) B () 0 (7). (2.23)

Limits on current are therefore given by beam loading and transverse deflection.
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Figure 2.5: Gradient limits determined by scaling laws of breakdown, trapping, and pulsed
heating [20].

The SLAC Linear Collider (SLC) was designed for a bunch charge of 5x10'0 e~
and due to wake fields, never reached that goal although with much effort over ten years
reached 80% of that value. If it were not for Eq. (2.23), Burt Richter might have fulfilled
his promise in December 1984 that “[the] cross section for the production of Z°’s will be so
large at the SLC that it will only take a few percent of the design luminosity over a period
of a few months to produce ten thousand Z°’s...” [17]. Of course, Burt already knew about
wake-fields in the SLC structures and calculated a growth factor of 6, giving restrictions
on the alignment tolerances to be less than 100 ym and an injection angle tolerance of less
than 1 prad [18], but did not anticipate the many issues involved with alignment of the
structures. Using tedious, time consuming methods, they tried introducing wake-fields in

one region to cancel the wakes caused in another region with some success [19].

In addition to the limits on current, there are limitations to the ultimate achievable
gradient as seen in Fig. 2.5. At traditional frequencies in the X-band range (labelled in
Fig. 2.5 as NLC) and longer wavelength, the limitation on gradient has been from breakdown

and trapping. As seen in Fig. 2.5, when moving to shorter wavelengths a new consideration
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comes into play, called pulsed heating. With pulsed heating the temperature rise on the
metal surface during the RF cycle creates cyclic stress on the metal that will eventually lead
to fatigue. It is thought that stress created from pulsed heating will lead to micro-cracks
in the metal surface that will eventually degrade the @) of the structure. The operating
frequency of 91.392 GHz was chosen because it is 2° times the SLAC operating frequency
and that it is the longest wavelength where we would hope to reach the GV/m gradient

regime.

2.4 TESLA (CLIC, NLC), Plasma, Laser, W-Band

The SLAC Two Mile Accelerator (TMA) is the highest energy linac, the flagship of
linear colliders; the only ship for that matter. A tremendous effort has produced the TMA
and SLC with equally monumental results, e.g. substructure of the proton, and as an injec-
tor for SPEAR in the 1970’s where B. Richter discovered the charm quark and M. Perl the
7 lepton. The 1980’s promised to be an exciting era, but turned into a desert for research.
Fermilab was building the Tevatron and CERN was building LEP. West coast physicists,
decided to convert the TMA into the SLAC Linear Collider (SLC) designed to produce the
Zy particle in copious numbers (we’ll be swimming in Z’s, was one phrase heard around
SLAC in the early 80’s) and hoped to scoop their colleagues at CERN as they had done to
Ting, et al. at Brookhaven. Unfortunately for the SLACers, the aforementioned wakefields,
reeked havoc at the SLC preventing them from acquiring the luminosity necessary for in-
teresting studies of the Zj, until long after CERN had already finished them. The SLC run
ended, having produced a million Zy’s and where able to measure the left-right asymmetry
parameter Apr. The next step for a linear collider is to reach the TeV energy scale. The
problems arising from reaching this goal are formidable, not the smallest problem being
funding. Despite the wealth of physics postulated to surface at this level, including the ever
elusive Higgs boson, an alphabet soup of supersymmetric particles and possible destruction
of the universe, physicists have not put their efforts into creating the next generation of

tools for studying the fundamental questions about matter.

The ultimate challenge for a linear collider is luminosity. For two bunches of charge

eN1 and eNy, with Gaussian charge distributions of rms widths o;,, 04,, 0y,, and oy, and
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centroid orbits (z1,y1) and (z2,y2) the luminosity is

N+ N- _ 2 _ 2
=2 2frep exp{—(xl 2$2) _ (y1 ZZJZ) } (2.24)
213y 232 23
Y2 =02 + 02, E; = 051 + 052. (2.25)

In the traditional work horse of high energy measurements, circular machines, the bunches
are recycled so that the luminosity benefits from a high collision rate. Another problem
with small bunches in linear machines is that they have only one opportunity to meet, the
bunches are not guaranteed to collide.

There are several “next generation” machines proposed to reach the TeV scale:
TESLA, the NLC and CLIC. Each of these machines has its own set of challenges and
limitations. Their common limitation is their size because they are very long (20-50 miles)
causing decreased tolerance for stablization, failure, and beam offsets.

Plasma accelerators are a promising technology, howeverare still in their infancy
having many practical and fundamental limitations. Maintaining synchronism over any
significant distance is a key factor limiting their effectiveness. Laser acceleration has yet to
be shown over any moderate length; again, the key factor is synchronism. Another problem
with laser acceleration schemes is that the stored energy is low meaning that the charge
perbunch must be kept low. Low charge decreases the luminosity, but a high repetition rate
may recover it.

Accelerators running at a higher microwave frequency in W-band may realize high
gradient and high luminosity with an efficient implimentation of the rf power system and
maintaining a low bunch energy spread [21]. This work is a first look into this part of the

accelerator “phase-space.”

2.5 NLCTA as a current source

Let us briefly describe some of the features of the NLCTA that make it suitable
for W-band testing. The following discussion also serves to illustrate the particulars of
the principles of Secs. 2.1 and 2.2 as well as beamline instrumentation such as BPMs, fast
toroids, and profile monitors.

By design, the NLCTA operates with heavy beam loading and must employ beam

loading compensation to achieve a low bunch energy spread of §E/E = 0.3%. This requires
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Figure 2.6: A stripline BPM, side-view of one stripline, and assembly endview.

knowledge of the beam current waveform using a fast toroid [22]. A conventional toroid can
be describe as an RL circuit,
di R. 1dI

di R._1dl 2.2
a ' T Na (2.26)

where the inductance L = y AN?/2n r should be low to achieve the small time constant.
To monitor the beam position, the NLCTA uses striplines as illustrated schemat-
ically in Fig. 2.6. BPM operation may be understood in terms of Vi the voltage on the

upstream cable, determined by geometry and the wall current, i(¢), induced by the beam.

i) — i (t _ 2-’)} , (2.27)

C

where [ is the stripline length. The image current depends on the beam position (p cos 8, psin )

and the stripline position (7 cos ¢, r sin ¢)

1+2§; (g)ncosn(qﬁ—e)l .

The beam dynamics through the linac is described by transfer matrices, o, for the

i=2q
2rr

beam and verified by means of a quad scan. A quad scan is accomplished by measuring
the transverse bunch shape on a profile monitor [23] for different quad focal lengths. With
knowledge of the magnetic elements in the beamline one can calculate the transfer matrices
that describe the particle path through the lattice. Once convinced that one understands
the beamline and the beam one may infer the emittance of the beam from the scan.
Stripline diagnostics for single bunches can provide 10 pym-scale position resolution,

however the BPM electronics only “see” the beginning 10 ns of the bunch train, therefore
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they cannot give a time resolved output of the position along a bunch train. For this
reason, one can be misled about the position of the bunch train as a whole, particularly
when conditions deviate from an ideally compensated beam.

In addition, the NLCTA aperture is a small 0.25 inch diameter and because of
this scraping occurs throughout the linac. During preparation of W-band work, in fact we
observed 10-15% current loss localized at the end of the chicane. Since the commissioning
of the machine in 1995, there had been a mismatch between the beginning and end of the
chicane that was blamed on optics. Analysis with the help of a Monte Carlo tracking model

showed that this mismatch could be explained by scraping.
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Theory of the PDA

The planar dielectric accelerator structure is based on a dielectric transmission line
consisting of two smooth dielectric slabs forming the transmission line as seen in Fig. 3.1.
The dimensions are chosen to provide a phase velocity equal to the speed of light and
thus synchronism with a relativistic particle beam. The ends of the transmission line are
coupled to WR10 waveguide through coupling cavities designed to match to a traveling
wave at 91.392 GHz. A great virtue of such a longitudinally invariant structure is that
small features such as disks are eliminated. At the same time an adjustable gap (2a in
Fig. 3.1) allows for tuning to relax machining tolerances significantly. In addition, the field
configuration is such that the surface electric field at the copper is smaller than the on-axis
field. In contrast, disk loaded waveguide typically has a surface field twice the accelerating
gradient. Another virtue is that the side opening affords high vacuum conductance and

wakefield damping.

As mentioned previously, a smooth conducting waveguide cannot provide accelera-
tion due to a phase velocity in excess of the speed of light. Addition of a dielectric liner can
however slow down the wave and permit synchronous interaction with a charged particle
beam. The earliest — and ongoing — studies of such structures concentrated on a cylindrical
geometry operating at X-band [24]. At W-band (8x smaller), a cylindrical geometry is
difficult to fabricate, and it is for this reason that we have pursued the slab geometry of

Fig. 3.1.

16
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Figure 3.1: A cross-section of the planar dielectric accelerator. The particle beam travels
in the z direction, out of the page.
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3.1 Fields in the PDA

To illustrate the principles of the planar dielectric accelerator, let us examine the
fields in a parallel plate configuration. The plates are lined with dielectric material of
relative permittivity ,, separated with a vacuum gap of distance 2q, as seen in Fig. 3.1.
For illustration we analyze the fields in the limit w/b > 1. The solution of the Helmholtz

equation for the fields are symmetric in y and for y > 0 given by the real parts of

N cos(k1y) y<a
E, = Ge™=*% sinfka (b — y)] (3.1)
kia) ————= b
cos(kia) sl (b= a)] a<y<
_ y sinc(k1y) y<a
E, = —ik,Get=7~t cos(kyia) C?S[k‘g(b Y)] 0 <y<b (3.2)
k‘g s1n[k2(b )]
w . y sinc(k1y) y<a
B, = iEGelkz’Z—Z“’t cos(kra) cos[ka(b — y)] o <y<b (3.3)

€

" k2 Sin[k‘g(b — a)]
where G is the on-axis gradient, k, is the longitudinal wave number, w is the angular
frequency, and k; and ko are the transverse wave numbers in the vacuum and dielectric

respectively, and satisfy

UJ2

k2 = = - k2, (3.4)
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Figure 3.2: The dispersion relation according to Eq. (3.6) for three example structures listed

in Table 3.1 for e =5.5 (solid), 9.5 (dashed), and 20 (dotted) and including the speed of
light line (dot-dashed).

2 w’ 2
ki =¢ — k=. 3.5
2 r 2 z ( )
Enforcing the boundary condition that E, be continuous across the dielectric boundary

gives the dispersion relation

k

tan(kia) tan[ks (b — a)] = g,k—l. (3.6)
2

As a check, one can see that using this dispersion relation, imposes the other boundary

conditions, namely

Ey(a™) = ) and Bg(a~) = By(a™). (3.7)

The dispersion relation for the three example structures listed in Table 3.1 is shown in
Fig. 3.2.

For acceleration we also have the requirement that the wave be synchronous with
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a speed of light particle w/k, = ¢, thus implying
ki =0 (3.8)

ky =

w
; Epr — 1. (39)
At synchronism, the accelerating field has the nice property that it is uniform across the
gap, while decaying sinusoidally to zero in the dielectric. The field components for k&; =0

are

E, = G 8 ginky (b — )] (3.10)

. . Y
E, = —ik,Ge™=*71t 1 coslka(b — y)] (3.11)
ko sinlka(b — a)]
iky ik aei Y
B, = fGezkzz wt & COS[kQ(b o y)] (3.12)
k‘g Sin[k‘g(b — a)]
where the dispersion condition at synchronism is
tanfks(b — a)] = ]Z"a. (3.13)

From this analysis a number of practical formulas emerge. One may show that the

ratio of surface field to accelerating field at the conductor is

aw 2
|EyC§b)|:J<a> +5r1—1 (514

which is a fraction smaller than 1 for our geometry. In principle, the field ratio at the

dielectric

- w (3.15)

is also a concern for breakdown, however is also less than 1.

To illustrate the field profile, consider the geometries with the parameters listed
in Table 3.1. The FE, field profile in units of the structure dimension are shown in Fig. 3.3,
where one can see that £, /G is almost identical, but the surface normal field E,/G is much
less than 1 depending on the dielectric constant — a great advantage for high-gradient

operation when concerned about breakdown.
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Figure 3.3: Plots of the normalized electric fields versus the structure dimension b for the
three geometries listed in Table 3.1. They have almost identical E, profiles (left), but have
different surface fields E, (right) for ¢ = 20 (dotted), 9.5 (dashed), and 5.5 (solid). The
vacuum/dielectric interface is at y/b = 0.2.

3.2 Energy Considerations

The stored energy in the structure can be calculated with knowledge of the fields

from Egs. (3.1)-(3.3)

U:i///(B-D*nLB-H*)dV (3.16)

W zw? 1 sin 2k a e, cos’kia sin 2ks(a — b)
= G2l — { — ] " {b —a— —] 3.17
et { 21T 2k KRsinZka(b—a) | 2ks (3.17)

Table 3.1: Geometrical parameters for three structures with different dielectric materials
and resonance at 91.4 GHz. The ratio a/b = 0.2 is held constant.

| | MgCaTi | Alumina | Diamond ||

Er 20 9.5 5.5
a (um) 46.4 68.6 92.5
b (um) 232 343 463
a/b 0.2 0.2 0.2
vg/c 0.05 0.1 0.2
a (m~!) 23.0 6.8 3.0
Q 800 1200 1600
E,/G (y =a) 0.1 0.1 0.2
E,/G (y =b) 0.2 0.3 0.5
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and the power flowing through the structure is is calculated using the Poynting vector

1
P = 5/ Ex H*dA (3.18)
w? G? 203 b—a [d® era a
-2 w _ -+ — 3.19
2 Zy 3 + a Er * k2 + k3 (3.19)

where W is the width of the structure.

The group velocity is found by

P
and at synchronism is
vg 1+ A/e,
29 _ o/ 21
c 1+A4° (3-21)
where we abbreviate
b Er e \?
A=(--1) |14+ —— —_— 3.22
(a ) + k%a(b —a) + (k2a> ] ( )

A useful approximate solution to the dispersion relation corresponds to the limit &, (bTTa) >

1 and is given by
2
oy ~ 2 (3.23)
b—a

An illustrative design would take G = 1 GV /m, in a structure with resonance at

w/27m =~ 91.4 GHz, dimensions a = 300 pym, b = 550 pm, and &, = 9.5. The group velocity is
given by vy/c = 1/, ~ 0.1 and taking W ~ b the power required is 500 MW. This structure
scaled down from a free-space wavelength of 3.3 mm to 1.5 pm would require 100 W for the

same gradient.

3.3 Circuit Model

In the foregoing, the traveling wave structure of Fig. 3.1 is discussed; however, this
is only part of the millimeter wave circuit. The complete structure must facilitate power
flow by means of input and output waveguide and coupling cavities. Logically, the circuit
consists of connecting waveguide, an input coupling cavity, the dielectric transmission line,
an output coupling cavity, and another connecting waveguide. As an accelerator, and an rf
circuit, this system may be modeled as two coupled cavities connected by a transmission
line. We will build this model first considering a single cavity coupled to waveguide, then
advance to a cavity coupled to two waveguides and at last arriving to the completed circuit

of Fig 3.8, the planar dielectric accelerator.
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Figure 3.4: Cavity with input waveguide.

3.3.1 Single Cavity

Beginning with the conceptually simple problem of a cavity resonator coupled to

a waveguide, revisiting the RLC equivalent circuit of Fig. 2.1 and Eq. (2.13),

d? 9 wo d wo d (o _
(ﬁ”o)”“@awcz—e@(“ W) (3:24)

where V' is voltage into the cavity from the waveguide and V| is the outgoing voltage.
Again, ), is the quality factor describing power loss into the cavity walls and ()., describes

the coupling of the cavity to the waveguide. A continuity condition at the coupling iris is
Ve=V"+ V. (3.25)

We will make use of the definition of “loaded” quality factor
1 1 1

= , 3.26
QL Q’LU Qel ( )
to rewrite Eq. (3.24) in the form
2 w, d 9 wo d
—t+ e =2—"—Vi" 2
(dt2 + O, di —i-wo) Ve 0. dtVl (3.27)

We are interested in the steady-state solution, and assume the solution has the form e~*,

; +
9 lWW, 2) _ . Vi
—w’ — +w, | Ve = —2iww 3.28
( QL ¢ ? (Q81> ( )
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and we define the tuning angle

tan®) = Qy, (ﬂ - i) (3.29)
W W
to yield the voltage in an externally powered resonator cavity
. |74
Ve =2Qre ™ cosyp | =1 | . (3.30)
Qe,

The cavity can be characterized on the bench by application of a voltage through the
waveguide and measuring the reflected signal. The ratio of the reflected signal to the input

signal gives the scattering matrix parameter,

Vi Ve-Vt
Sll = L = 70 1 = 2
vt vt Qe,

22 e Wcosy — 1. (3.31)

In Ch. 4 contains discussion of the design and fabrication of microwave cavities where the
cavity is required to be “matched” and “tuned” and to have a high Q. It is illustrative at
this point to understand what this means in terms of S1;. A tuned cavity means it has a
desired resonance frequency, or Sy; is a minimum at the desired frequency. That the cavity
be matched means that there is no reflected signal from the cavity, namely S;; = 0 on
resonance. This match condition is

Qu _
Qe,

The answer is obvious at match, but when the minimum of |Si;| # 0, it is not possible

8=

1. (3.32)

to know whether a cavity is over- or under-coupled without knowing the relative phase of
the forward and reflected signals, as illustrated in the left-hand plot of Fig. 3.5 where |Sy;|
is plotted for three cavities, where 8 = 1 (matched case), 2 (over-coupled case) and 0.5
(under-coupled case). From the plot of |S1;1|, @ can be inferred from the width, but the
over- and under-coupled cases look identical. A convenient tool for this analysis is called a
Smith chart, as in the right hand plot of Fig. 3.5, where the complex S1; is plotted directly,
revealing the couplings § read from the horizontal axis. We do not wish to delve into the

intricacies of Smith charts, but only would like to point out their usefulness for this case.

3.3.2 Two Port Cavity

Understanding of the previous case of a single-port cavity is necessary for under-

standing the more important problem of a two-port cavity. This cavity, depicted in Fig. 3.6,
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Figure 3.5: S1; for three cavities with the same ), one is matched, one is over-coupled and
the other under-coupled. The left hand plot of |Si;| shows the matched case (dashed) and
the over- and under-coupled cases (solid) are indistiguishable. The Smith chart, however
not only distinguishes the three (dashed), but readily reveals their coupling g = 0.5, 1, and
2 read off of the horizontal axis.
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Figure 3.6: Cavity with 2 ports.
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is coupled to waveguide through two irises. The problem takes the form in the time domain,

d? wo d we d _ we d _
(ﬁ*“’)v ea"tgem (W) g (W) e

where we denote voltage into the cavity with a plus (+) and voltage coming out with a
minus (-). The external coupling Q., refers to the coupling to the waveguide on the left

side in Fig. 3.6 and Qe,, the right. Similar to the previous case, the loaded @) is

L1 1 1
QL Qw Qel Qeg‘

(3.34)

and again we have the condition that the voltage sum at the irises are equal to the cavity

voltage

VitV = Ve =V + V5 (3.35)

Substituting the previous equations, we find

2w, d d d
— =2 V,= vt 4ol Sy 3.36
(dt2+Q dt+w> ¢ QeldtlJr QQthZ (3:36)

and we assume a solution with the form e~ to find a similar form to the single-port case

vt +
Ve =2Qre ™ cosv <Q 2;2 ) . (3.37)

where the tuning angle 1 is defined by Eq. (3.29).

In the case of two-ports, there are four S-matrix elements,

g Vi _Vem V00

= —1 3.38
v, (3:38)

Vo Ve— Vo' 2Qre " cosep

812 = 821 = N—/—="n = (339)
Vl+ V1+ V Qel Q62
_ vt
Soy = Vo VeV _ QL e W cosep—1 (3.40)

vy vy Qez

where n = /Qe¢, /Qe, is a normalization factor. These equations can be compared to
Eq. (3.31) in the limit that Q., — 0o. A consequence of finite wall losses is that one cannot

match a cavity from both ports, as illustrated in Fig. 3.7.
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Figure 3.7: Reflection — S1; (left, dashed) and Sa2 (right, dashed) — and transmission —
Sa1 (left, solid) and Sy (right, solid) — characteristics for a cavity with 2 ports having finite
wall losses, @y, = 1000, where @, = 100 and )., = 110. The cavity cannot be matched
from both ports if there are wall losses.

3.3.3 Combined Circuit Elements

Before moving to the PDA as a completed circuit, it is useful to develop a tool for
combining circuit elements. Often we have components with an input and an output and
the corresponding scattering matrices for them. When we connect these elements together,
we might want to know how the new input and output will behave.

Denoting + for wave moving to the right and - for waves moving to the left (note

the slight difference from the previous case for the cavity), we have for element #1

VT = AuVi 4 AV (3.41)

Vol = At Vit + AgaVy (3.42)
and for element #2,

Vo = BuVs + BV (3.43)

Vit = Bo1 V3t + BooVy (3.44)

Next, connect the elements A and B together with length L of waveguide having phase

—ikL—aL giving the propagated voltages

length, kL, and attenuation, oL, according to ' = e
Vit =TV, (3.45)
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Solving for V;~ and V,' in terms of V;" and V,, the resulting S-matrix is

I'2A15B11 Ao T'A12B12
S — A11 + 17F2311A22 17F2311A22 (347)
I'Ba1 Az Booy + I'2By1 Ay B
1-I'2B11 A2 22 1-I'2B11 A2

where the combined element can now be described by the incoming and outgoing voltages

( i ) =5 ( ' ) : (3.48)
v, Vi

This formula is helpful for concatenating a series of elements such as windows, structures,

according to

phase-shifters, as well as the immediate case for two cavities coupled by a transmission line.
We also note that this result can be applied to a series of coupled cavities, to electrically

model a disk loaded waveguide structure.

3.3.4 The PDA Circuit

The PDA circuit of Fig. 3.8 has an input cavity characterized by the parameters:
Q¢,, the external quality factor quantifying the coupling between the cavity and waveguide,
Qe,, characterizing coupling between cavity and dielectric line, wy, the cavity resonance
frequency, and @y, , the cavity wall quality factor. Likewise for the output cavity, we have
Qeys Qegs w2 and Qu, -

From Egs. (3.38)-(3.40) we get the scattering matrix elements for the input cavity

viewed as a two-port cavity

ViV, -Vt Qr, _;
A = 1 Ya 1 9 1 )1 -1 3.49
S Q, ¢ o (349)

V., = Vot 2Qr,e ™ cos P
Ay = Ay =n—-= 2 = - (3.50)
Vi+ V Qel Qez

| 7S VAR, VA Qr, _;
Ay — Y2 _Ya 2 _ 9 1 )1 -1 3.51
2TVE T Q" o™ (35

where n; = \/Qe, /Qe,. In the same way we arrive at the scattering matrix elements for
the output cavity

| A VA vy Qn, _.:
By=-3_ =12 73 90X~ neqh 1 3.52
11 V,3+ V,3+ Qe3 ¢2 ( )

Ve, — V4Jr _ 2QL26_i¢2 coS Py

VY?,+ V Qeg Qe4

(3.53)




28 Chapter 3: Theory of the PDA

INPUT OUTPUT
WAVEGUIDE WAVEGUIDE
- + - +
A V) Vv, Vv,
DIELECTRICx
S E— |
VC1 I:I .................................................................................................... i ]|:| VC2
| | k
| <— —

INPUTJ v J+ | S—ouTPuT
CAVITY } 2 3 } CAVITY
| —> ]

Vs 2

Figure 3.8: Sketch of dielectric structure indicating input, output, and transmission line
voltages.
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Figure 3.9: Transmission, So1 (solid), reflection S1; (dashed) and the power sum S% + S%
(dotted) for a coupled cavities without losses (left) and with realistic losses (right). The
top two plots correspond to zero dispersion in the dielectric line; the bottom two include
dispersion. Notice the frequency spacing of the peaks (proportional to the group velocity)
decreasing as the frequency approaches cut-off, f. = 87 GHz.

B22=£2V02_V4+:2QL2

Vi Vi Qe

e~ W2 cosahy — 1 (3.54)

where ny = \/Qe;/Qe,. From the results of the previous section, Eq. (3.47), one can con-
catenate the input and output cavity S-matrices using the transmission line characteristics:
length L, phase length, k,L, and attenuation, aL, described by I' = e (ik=+o)L " where the
dispersion relation for the dielectric line is given implicitly by Eq. (3.6). To illustrate the
effect of dispersion on the circuit, the top two plots of Fig. 3.9 are are for a line with zero
dispersion and the bottom two include realistic dispersion where the left hand plots have

zero loss and the right ones have include loss with Q,, = 1000, and o = 7.7m™~!.
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Here we must also consider that the propagation constant through the transmission

line varies with the frequency. The dispersion in the dielectric waveguide is

() - () o

where f. is the cut-off frequency of the dielectric line. Figs. 4.16 & 4.17 show the inclusion

of this dispersion through the line.
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RF Design and Bench Test

To assess the feasibility of building a W-band accelerator, one could make a minia-
ture accelerator modeled after the SLC 3-m structures scaled down by a factor of 32 to give
a structure length of only a few inches. In fact, what we have done is illustrated in Fig. 4.1.
This series of tests of increasing complexity allowed us to develop the essential components
necessary for a working W-band accelerator. In Test #1 we studied the simple circuit of a
single cell cavity and rf window. In Test #2, we tested a 1 inch long dielectric structure,
employing two rf windows. Finally, in Test #3 we studied the same dielectric structure at
high fields employing a phase-shifting power recirculation arm. These four components are

described in this chapter.

a) c)

Tm m
e- @ €-

Figure 4.1: Series of tests of increasing complexity performed to prove the feasibility of
building a W-band linac: a) Test #1 studied a single cavity resonator and rf window,
b) Test #2 was a study of a planar dielectric accelerator structure utilizing two more rf
windows and two high power attenuators, and c¢) Test #3 studied the same PDA under
even higher field levels in a traveling-wave resonator circuit.

31
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4.1 Manufacturing Considerations

The frequency of interest is 91.392 GHz having a free space wavelength of 3.28 mm.
Many accelerator components, especially the accelerator structure itself, are single moded
devices, meaning that for a given frequency only one mode is excited. The dimensional
scale is therefore set by the wavelength and the tolerance determined by the quality factor
Q. Much of the effort at W-band concentrates on the manufacture of these millimeter-scale
components with pm-scale tolerances. Thus the design of W-band components must take

into consideration the technology used for manufacturing.

4.1.1 Electro-discharge Machining

The technology chosen for most of this W-band work is electro-discharge machining
(EDM), thanks to its ready availability. EDM is a “non-contact” machining process that
vaporizes material near its electrode made of a wire or conductive mandrel. Intense pulses
of DC voltage (50-100 V) are applied to the wire that creates an electrical spark at very
high temperature between the electrode and the cut metal. The temperature is between
5000 and 10,000°C, enough to vaporize most metals. The wire is continuously fed during
the cutting process to replace used wire. EDM has proven to be an effective means of
machining structures to tight tolerances of 3 um, or better, over a 1 inch length. Intrinsic
to the EDM process, the wire electrode leaves a “rough” machined surface. One must be
careful to avoid pitting or redeposition of material on the cut walls. It was our experience
that machining to a class 20 (20x10~6” or 0.5 pum rms) surface was regularly achieved.
Generally one aims for a roughness average R, < § =~ 0.2 ym, the RF skin depth, to avoid

a geometric increase in the effective wall area, and therefore a diminution in the wall @,

1 0 [H?%dA
— ~ —fi. (4.1)
Q 2[H?dV
Often, another chemical or abrasive process is required to achieve the desired surface finish.
We have investigated both methods using chemical polishing and “sand blasting” to be

discussed presently.

4.1.2 Brazing

Induced RF currents are not only impeded by a rough surface, but also by a poor

conducting joint between materials. Considering that most components must be cut from
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more than one piece of metal, a process must be used to bond the parts together to provide
a current carrying joint. For this purpose, we often choose high temperature oven brazing
for bonding parts together. High temperature brazing also provides a sterile environment
for parts that will be used in ultra high vacuum (107°-10~7 torr). For this bonding we
use two techniques: high temperature brazing and diffusion bonding. High temperature
oven brazing requires a thin layer of braze material that forms a eutectic between the two
layers of metal to be bonded. One chooses a braze material that has a melting point lower
than that of the metals to be bonded. A series of brazing steps can be made by using
brazing materials of different melting points. Choosing the highest temperature braze first
and lower temperature brazes in succession is a logical approach when several braze steps
are required. Diffusion bonding on the other hand, does not require a “catalyst” material
but two metals (of the same material) to be bonded are raised to very near their melting
points where mechanical pressure imposed near the joint facilitates diffusion between the
two layers forming a solid joint. The advantage of diffusion bonding is that there are no
fillets formed by a brazing material near the joint.

Dielectrics generally do not readily bond to metals, therefore a metalization layer
must be formed for brazing the dielectric to a copper substrate. Using an active braze
alloy (CuSilABA), we have reliably brazed copper and dielectric materials, e.g. alumina
ceramic and diamond. The braze alloy contains a small amount of titanium, which is a
highly reactive metal, that “hooks” into the dielectric that provides the metalization layer

for bonding the dielectric to the metal and brazes in a single step.

4.1.3 Quality Assurance

To assess the quality of manufacture via EDM and bonding we employ RF mea-
surements to determine the resonance frequency and quality factor. These measurements
are made using a W-band vector network analyzer (VNA). The analyzer can measure s-
cattering parameters of the components under test from which we can infer the resonance
frequency, () and insertion loss. Our VNA measurements assume, as is typical with these
measurements, single mode propagation in the connecting waveguide. The waveguide used
for these measurements at W-band is called “waveguide, rectangular 10/100ths of an inch
wide”, or WR10. WR10 with a height to width aspect ratio of 1:2 gives single mode propa-
gation in the range of the TE;y and the TEyy mode cutoffs at 59 and 118 GHz, respectively.
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As in Ch. 3, knowledge of the fields in the waveguide allows for calculation of the dispersion

ORORE

R, |w?1 27%| c 1
=S | o4 | 2= 4.
« A lczb+a3lwkz (4.3)

Meanwhile the VNA itself operates in the range of 75 to 110 GHz, limited by the

relation

and attenuation

frequency range of the harmonic mixer, a Hewlett Packard model 11970W. This model is
an 18x harmonic mixer with a 48 dB conversion loss, a sensitivity of 1mV/1uW, and a
dynamic range of -40 to 20 dBm. The VNA has a dynamic range of 40 dB limited by a
W-band power source of 0 dBm.

4.1.4 Waveguide Attenuation Example

Prior to discussion of various network elements, we will describe the most basic
example, that of a 2” long piece of WR10 waveguide. We consider commercial waveguide for
comparison with a custom waveguide made from oxygen-free electron (OFE) grade copper
cut using wire EDM.

To understand the effect of surface roughness on wall loss associated with the EDM
process, we performed a series of measurements on two-2” lengths of WR10 waveguide. In
these measurements, a “fine” cut and a “rough” cut waveguide were made with wire EDM.
The rough cut waveguide was cut using wire EDM in a single pass with the cutting wire. The
fine cut piece was cut in three passes of the EDM wire, each pass removing substantially less
material than the previous, meant to give a smooth surface finish. This set of measurements,
initiated by P. Chou, revealed that the fine cut waveguide had significantly less attenuation
than the rough cut guide [25], results listed in Table 4.1.

Taking the rough cut waveguide, we performed a study of the effect from chemical
cleaning (CC) and chemical polishing (CP) on surface losses. The CC process was intended
to remove any contaminates and should not have caused any etching of the metal, step
listed in Table 4.2. The CP process was intended to remove several microns of copper from
the surface, listed in Table 4.3. Data for transmitted power were taken for three scenarios:
(1) no waveguide, (2) a 2” piece of Aerowave waveguide and (3) the 27 EDM’d rough cut
waveguide. The attenuation was then calculated by subtracting the power transmitted

through the waveguides from the power transmitted with no waveguide, (1)-(2) and (1)-(3).
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Figure 4.2: Waveguide attenuation for two sets of waveguide described in the text.

These results are plotted in Fig. 4.2 and summarized in Table 4.1, including the theoretical
value from Eq. (4.3).

The CC process showed negligible difference, however the CP process gave a sur-
prisingly large improvement. Comparison of the CP’d rough cut waveguide with the fine
cut waveguide one can see that the CP’d waveguide has lower attenuation, within 20% of
the theoretical ideal. Whether similar improvements can be obtained in a more compli-
cated structure, i.e.

a disk-loaded structure, is not clear. While the W-band structure

Table 4.1: Average attenuation at 90 GHz for a 2”7 long section of OFE copper WR10.

‘ Waveguide ‘ Attenuation ‘
OFE Cu (theoretical) 0.13 dB
CP EDM WG 0.16 dB
Fine Cut WG (16 jun 97) 0.20 dB
Aerowave WG (5 aug 97) 0.26 dB
Aerowave WG (12 sep 97) 0.25 dB
Rough Cut WG (16 jun 97) | 0.42 dB
CC EDM WG 0.44 dB
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Table 4.2: Series of step use for Chemical Cleaning of OFE copper. There are no chemicals
in the sequence that will etch copper.
e Step 1 Vapor degrease in 1,1,1 Trichloroethane for five minutes.

e Step 2 Alkaline soak clean using Enbond Q527 for five minutes at a tem-
perature of 180°F.

e Step 3 Cold tap water rinse for two minutes

e Step 4 Immerse in 10% by volume Metex 9268 acid solution at room tem-
perature for five minutes.

e Step 5 Cold tap water rinse for two minutes.

e Step 6 Immerse in Metex 629 acid solution for 30 seconds.
e Step 7 Tap water rinse for one minute.

e Step 8 Deionized water rinse for one minute.

e Step 9 Cold tap water rinse for one minute.

e Step 10 Cold deionized water rinse for one minute (minimum resistivity of
1,000,000 ohms-cm).

e Step 11 Hot deionized water rinse for thirty seconds (minimum resistivity of
1,000,000 ohms-cm).

e Step 12 Immerse in analytical reagent grade Isopropyl Alcohol at 115°F
for thirty seconds.

e Step 13 Blow dry with a dry nitrogen blast.
e Step 14 Dry in air oven at 150°F.

e Step 15 Wrap in lint-free paper and aluminum foil.
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Table 4.3: Series of steps used in the Chemical Polishing of OFE copper. Chemical etching
of the copper is performed in Step 6.

Step 1 Vapor degrease in 1,1,1 Trichloroethane for five minutes.

Step 2 Alkaline soak clean in Enbond Q527 for 5 minutes at 180°F.

Step 3 Cold tap water rinse for two minutes.

Step 4 Immerse in 50% Hydrochloric Acid at room temperature for one minute.
Step 5 Cold tap water rinse for two minutes.

Step 6 Immerse in the following solution for maximum of one minute depending on
the surface finish required.

Phosphoric Acid, 75% 21 gallons
Nitric Acid, 42° Baume 7 gallons
Acetic Acid, glacial 2 gallons
Hydrochloric Acid, analytical grade 19.2 fluid ounces
Temperature Room

Step 7 Cold tap water rinse for minimum of two minutes until the film on part
disappears.

Step 8 Cold tap water rinse for minimum of two minutes until the film on part
disappears.

Step 9 Cold deionized water rinse for one minute (minimum resistivity of 1,000,000
ohms-cm).

Step 10 Cold tap water rinse for one minute.

Step 11 Cold deionized water rinse for one minute (minimum resistivity of 1,000,000
ohms-cm).

Step 12 Cold deionized water rinse for one minute (minimum resistivity of 1,000,000
ohms-cm).

Step 13 Hot deionized water rinse for thirty seconds (minimum resistivity of 1,000,000
ohms-cm).

Step 14 Immerse in analytical reagent grade Isopropyl Alcohol at 115°F for thirty
seconds.

Step 15 Blow dry with a dry nitrogen blast.
Step 16 Dry in air oven at 150°F.

Step 17 Wrap in lint-free paper and aluminum foil.
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Figure 4.3: Picture of two high-power attenuators assembled (left) and un-assembled (right).
The waveguide has high attenuation due to a rough surface finish and a cut along its narrow
current-carrying wall.

might tolerate uniform etching of up to 1 pum of copper, the CP process would more likely

preferentially etch corners and other sharp features.

4.2 High Power Attenuators

To perform high-power beam-driven experiments, we required a high-power, vac-
uum compatible attenuator to avoid taking multi-kW signals into air. The attenuators are
pictured in Fig. 4.3, made by machining two halves of WR10 waveguide from stainless steel
(304L for vacuum compatibility) and combining them with a jig that aligns the waveguide
and provides for the WR10 flange pattern on each face when bolted together. As discussed,
a clamped structure is ill advised in general due to poor conductivity near RF current car-
rying joints, causing poor match and high losses. In this case, we were taking advantage of
the poor contact to increase attenuation. Repeatability of the interconnect was maintained
in consecutive RF transmission measurements after assembly and disassembly. Fig. 4.4
shows the attenuation of two such attenuators having attenuation of 6.5 dB and 3.5 dB and
VSWR < 1.1 at 91.4 GHz. The difference in attenuation was because one set of waveguide
was “green-fired” in a wet hydrogen brazing furnace where a chrome-oxide layer is formed

on the surface. The result was that the “greened” waveguide had less attenuation than the
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Figure 4.4: Transmission, Sp; (solid), reflection, S;; (dashed) and insertion loss, S? =
52, + S% (dotted) for the two attenuators used in Test #2. The insertion losses for the
input (left) and the output (right) attenuators are 3.5 dB and 6.4 dB, respectively, at
91.4 GHz.

untreated set.

4.3 Single Cell

In Ch. 3 we discussed the theory of a single cavity resonator coupled to waveguide.
In this section we discuss measurements for such a miniature cavity with WR10 output,
and 680-pum diameter beam tube, prepared for excitation by the relativistic electron beam
of the NLCTA. We establish that the 3.3-mm wavelength (91.4 GHz) scale is accessible to
modern machining (EDM, diffusion bonding) and measurement techniques, and provides

the basis for understanding of cavity performance as a transfer structure.

4.3.1 Tolerances

To appreciate the machining and tuning tolerances involved it is helpful to consult
the circuit-equivalent picture of the application, as seen in Fig. 4.5. A beam bunched at
11.424 GHz passes through the beam tube, exciting the cavity resonance at the 8th beam
harmonic, 91.392 GHz. The beam pulse length of 100 ns is much longer than the loaded
fill time of the cavity (T} ~1.5 ns), so that steady-state is reached early in the pulse. In
steady-state, the cavity voltage V. may be may be expressed in terms of the beam current
I, from Eq. (2.13),

V.= —% cosp el Qp, [g} Iy, (4.4)
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Figure 4.5: Circuit equivalent for beam interaction with a single cavity with a waveguide
output.

where the beam-coupling parameter “R-over Q” is defined according to

5-L%

in terms of stored energy U and resonance angular frequency wy. The tuning angle ¢ is

defined in terms of the loaded quality factor, Qr, and the drive angular frequency w, as

usual
tany = Qr, <ﬂ - i) . (4.6)
W wo
Power radiated by the cavity into the guide may then be determined according to
)
- (4.7)
Pyt = ———, 4.7
" Q[R/Q]

where (). is the external quality factor. From this one may show, for example, that a
10% reduction in power corresponds to a tuning angle of tant = 1/3, or cell detuning of
dw/w = 1/6Qr. For a loaded quality factor Q7 =~ 415, this is a detuning of 0.04% or 37
MHz. This translates to 1 pm tolerances in machining and we will show in Ch. 5 that a

de-tuning can also be caused by network elements with large reflections (VSWR > 1).

4.3.2 Fabrication and Assembly

The completed geometry is indicated in Fig. 4.6. We describe next how this

geometry was accomplished, with a set of four nominally identical cavities.
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Figure 4.6: Geometry of the interior conducting boundaries of the cavity, including coupling
iris, beam-tube and WR10 output. Beam travels in the z direction.
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The oxygen-free electronic grade (OFE) copper cavity consists of three layers: a
2.44-mm thick plate with the cavity wire-EDM’d and two featureless plates comprising the
cavity top and bottom. (The orientation of the cavity “top” is at positive z in Fig. 4.6
and bottom is at negative z.) The three layers were diffusion bonded together employing
a 1024°C heat cycle at 25 psi for 10 minutes. The input waveguide coupling iris was then
cut using sinker EDM. Ultrasonic acetone rinse had no measurable effect on wall quality
factor, and the cavity was subjected to chemical cleaning. This raised the wall @) (prior to
cutting of the beam tube) from 1029 to 1252.

To facilitate connecting waveguide, a threaded bolt circle conforming to WR10
0.75” flange was machined into the waveguide opening for each cavity. The width (“a”
dimension) of the waveguide openings were intended to match the 0.17 wide dimension
of WR10 guide, but were accidentally machined 0.1 mm narrower, resulting in a step on
each side of the connecting waveguide. Analysis via GdfidL indicated that this would have
negligible effect on the measurements.

To cut the beam-tubes, we used sinker EDM for the first, rough cut of the cavity.
We then made a final cut of the 340 pum radius using wire EDM. To remove any debris
created by the EDM process on the surfaces of the cavity walls, we etched the cavity by
pumping an acid solution through the coupling port of the cavity. As mentioned, the acid
solution can preferentially etch corners and features such as irises as we discovered during

bench measurements in the next section.

4.3.3 VNA Measurements

To determine the state of the cavity, and as an aid in tuning, we again employed
the VNA, permitting measurement of the steady-state complex reflection coefficient Siq
over a range of angular frequencies w. This may be compared with the theoretical result

for single-mode excitation of a resonator from Eq. (3.31),

S11 costpel? — 1. (4.8)

T 1+8
where the coupling parameter 8 = Q,,/Qe is the ratio of wall quality factor to external (or
“diffractive”) quality factor. In this way have assessed the tune, and Q., @, and 3, as
listed in Table 4.4.

Also seen in Table 4.4 are the analytic results for a closed pill-box, and the nu-

merical (GdfidL) results for the cavity with beam ports. For the analytic comparison, we
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employed a rectangular pill-box of interior transverse dimensions a X b =~ 2.30 mm x2.44 mm
and transit length L ~ 0.50 mm. The corresponding resonant angular frequency is given
by wg = kc, where

w2 72
PR

with ¢ &~ 2.9979 x 108m/s the speed of light. This gives a frequency of 89.6 GHz; accounting

k= (4.9)

for the volume change due to the fillets from an 8-mil diameter EDM wire (about 0.8%),
we calculate the resonant frequency to be 90.1 GHz. The measured frequency of the four
cavities varied between 90.1 and 90.8 GHz, variation attributable to wire machining errors.

Theoretical wall quality factor for the closed rectangular pill-box geometry may be expressed

1 R, 1 2m2L /1 1
@:2Zﬁ{1+7<$+§>}’ (4.10)

with Zy ~ 377Q the impedance of free-space, and R; ~ 79 m{2 the theoretical surface

as

resistance of a smooth OFE copper surface at the operating frequency. This corresponds
to wall quality factor of 1570.

The external quality factor, ()., may be calculated by two methods. One is a
simple estimation from power transmission between two waveguides, through a coupling

iris, obtained from HFSS' simulation. In this geometry, the external @ is given by
s

S

With a rectangular iris of width 0.83 mm, height 0.5 mm and thickness 0.25 mm, we find

Qe

(4.11)

Q. = 1400. A second method utilizes the frequency domain result of the closed cavity-

waveguide system to find the complex resonant frequency of the waveguide loaded cavity

'A product of ANSOFT, Corp.

Table 4.4: Measured and theoretical parameters for the single cell cavity with and without
beam port.

No Port | Beam Port
Qv (analytic) 1574 —
Q@ (simulation) 1533 1540
@y (measured) 1252 1305
Q. (simulation) | 1400/1370 583
Q. (measured) 1048 571
I} 1.19 2.29
[R/Q)] (simulation) 134 Q 110 Q
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Figure 4.7: Reflection coefficient versus frequency, from measurement, and numerical sim-
ulation.

[26]. This gives a Q. of 1370 with no beam port. These dimensions correspond to the
geometry prior to cutting of the beam tube and the second acid rinse.

The finished assembly, with beam port, had a wider iris opening, of 0.92 mm caused
by chemical polishing of the cavity. For this aperture the frequency-domain approach gives
Q. =~ 583, lowered due to the resulting stronger external coupling. The sensitivity of Q).
to the coupling iris width is noteworthy. A 20-pm wider iris lowers the Q). by 200, while a
20-pm thinner iris reduces @), by 170.

The result for the scattering parameter Si; is indicated in Fig. 4.7, overlaid with
the result computed with the time-domain module of the code GdfidL [29]. The simulation
employs a damping decrement based on the theoretical wall quality factor @, =~ 1540. The
complex Si; is seen in Smith chart form in Fig. 4.8. There one can also observe the effect

of the chemical cleaning in decreasing the external quality factor. The original iris width
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Figure 4.8: Smith chart of S1; for the case of no beam port (solid) and with a 680 ym beam
port (open). For both cases, we see that the cavity is over-coupled.

was 0.87 mm, and this was widened to 0.92 mm in the course of chemical cleaning.

4.3.4 Bead Pull

We may infer the electric field profile by means of a bead-pull by combining E-
q. (4.8) with Slater’s theorem [27] that states the fractional change in frequency is propor-

tional to the fractional change in stored energy which in turn is proportional to the square
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Figure 4.9: Result for inferred axial electric field £, from bead-pull measurement, overlaid
with theory.

of the field times the polarizability of the perturbation

i—‘o" = %(0] = ﬁ (ccreB? = pavy H?) (4.12)

where F and H are the unperturbed field values and o, and «,, are the electric and

magnetic polarizabilities of the perturbing object. A bead pull was also performed, with

the measurement seen in Fig. 4.9, overlaid with the result computed with the frequency-

domain module of the code GdfidL. The perturbation was a dielectric bead formed by tying
a knot in a length of 30 ym diameter tulle of nylon fiber.

The field profile data seen in Fig. 4.9 permit one to go on to infer peak electric

field from cavity voltage, with the result V./E,; ~ .614 mm. Using Eq. (4.7) one may then

infer peak accelerating field from the power radiated. With [R/Q] =~ 110 €2 from numerical

simulation (GdfidL), and Q). ~ 571 from measurement, a figure of P,,; ~1 kW corresponds
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Figure 4.10: Window coatings.

to a cavity voltage of 7.9 kV, and a peak field of E,; ~ 12.9 MV/m. Peak surface field
is seen from GdfidL simulation to be a factor of 2 higher than the peak longitudinal field,
namely 26 MV /m.

Power levels in a beam-driven experiment are facilitated by an RF window allowing

signals to be read with a commercial RF mixer.

4.4 RF Window

Tests of W-band structures (e.g. the cavity from the previous section) powered
with beam require the use of RF circuitry outside the beamline vacuum. We have developed
RF windows to allow the interface of the vacuum and non-vacuum components.

Preliminary considerations for the design of the window were: VSWR<1.1, vacuum
integrity, and vacuum compatibility. We wished to pump the window assembly down below
1078 torr, and handle 100mW average power, 10 kW peak power. Typically, failure of
windows are caused by breakdown, multipactor, fracture, puncture, etc. We did not expect
to contend with these issues, however we realized that such phenomena are part of the
experiment, and part of the utility of the apparatus in the first place.

As to window fabrication, alumina ceramic was chosen due to familiarity with
its use at X-band. Experimental measurements implied a dielectric constant for alumina

ceramic at 91.4 GHz of 9.5. The usual window fabrication procedure at X-band, and the
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one we pursued, was to have an alumina disk ground with a diamond tool to the requisite
dimensions. The edges to be bonded are metalized with 1 mil of a Moly-Manganese paste
(80% moly). The MgO penetrates the ceramic, forming a glassy matrix. On the exterior
surface, the MgO bonds to the Moly powder. The outer surface is coated with a thin layer
of Nickel, to inhibit oxidation. The result is then brazed to copper. The picture is that
of Fig. 4.10. Copper has twice the temperature coeflicient of expansion of the alumina
ceramic (1075 versus 2x 1075 for copper). Thus some measure must be taken to insure that
the joint remains tight during brazing. A jig was bound with molybdenum wire to constrict
the copper around the ceramic.

A number of papers on high-power windows can be found, particularly sintered
alumina, ceramic (Coors AD-99.5). TiN coating of 60 A on either side permits charge to
bleed off. Impurities (such as MgO of the sintering binder), micro-dust, micro-voids and the
like can be correlated with window failure (fracture or puncture). Of the samples presented
by, for example, Matsumoto, those with 99.9% purity (MgO at the 0% to 0.06% level) did
not fail, up to 300 MW at X-band. In windows studied, where temperature did not rise
above 10°C, the window did not fail. For our work, a window temperature monitor was
considered; however our average power is low (duty cycle 107%) and it was decided not to
be practical.

For reasons of simplicity, and expediency, we pursued a window assembly as de-
picted in Fig. 4.11. Let us review briefly the considerations for such a window. Table 4.5
shows a comparison of fields inside WR10 and WR90 for different power levels. In terms of

peak field, studies at 100 kW in WR10 correspond to 10 MW studies at X-band in WR90.

Table 4.5: Field levels in WR10 and WR90.

E(MV/m) | P(W) - WRI10 E(MV/m) | P(W) - WR90
0.8 1.00E+03 0.9 1.00E+05
2.5 1.00E+04 2.8 1.00E+06
7.8 1.00E+05 8.9 1.00E+07
24.7 1.00E+06 28.1 1.00E+08

As to the problem of matching for this window-like geometry, we may view it as
transmission line (WR10, vacuum), joined to another transmission line (WR10, dielectric),
and a third (WR10, vacuum). That is to say, we may consider the case of dielectric-filled

waveguide dimension the same as WR10. We match fields at the boundaries according to
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conditions on voltages (transverse electric field),

To illustrate let us consider some particulars for WR10 at 91.392 GHz, and a
dielectric constant of 9.5. In vacuum WRI10 at this frequency we have a guide wavelength
of 0.4296 cm or 169.13 mil. Characteristic impedance is 493.34 €. In the dielectric guide,
with the same a dimension, we have a guide wavelength of 0.108841 cm, or 42.85 mil.
Characteristic impedance is 124.99 €). Thus normalized impedance is 0.2534. Possible
window thicknesses corresponding to different NV values are:

N L (cm) L (mil)
0 0.05442 21.43 1/2 A window

1 0.10884 42.86 2/2 X window
2 0.16326 64.28 3/2 A window

The thinnest windows made are typically 31 mil or so, thus the N = 0 (single
half-wavelength window) case is too thin. An N =1 or 2 window appears more practical,
and we settled on a 1-A window.

For a 1-\ window one needs a block of ceramic with dimensions (modulo metalliz-
ing, coating, brazing) 42.85 mil x 100.00 mil x 50.00 mil. Our estimate of ¢ was somewhat

uncertain, and a table for the 1-\ window serves to illustrate the sensitivity:

e/eo 9.0 9.5 9.7 10.0  10.5 11.0
L(mil) 44.08 42.85 42.39 41.72 40.67 39.7

Final design settled on was conceptually WR10 waveguide, operated in fundamen-
tal T F1g-mode, and a slab of dielectric filling a length of the guide. Wave transmission
through a length L of lossless dielectric is described by

-1
1k, KL\
2 .
|So1|” = [cos2 K, L + 1 <k_z + k_i> sin? k;L] (4.13)
where k, and £, are the guide wavenumbers in the vacuum and dielectric portions of the

guide,

By 2a

A is the free-space wavelength, a is the waveguide width (0.10”), and u, and ¢, are the

2w A\ 2
k, = WrEr — ( ) , (4.14)

relative permeability and permittivity of the dielectric. For a good match, the window
length should be a multiple of half the dielectric guide wavelength, or kL = nr, with n an
integer. In addition, Eq. (4.13) implies that highest bandwidth is attained with the shortest
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Figure 4.11: Mechanical drawing of the first W-band RF window with WR10 and Conflat
flange.

window length. We selected an n = 2 or “1-\” window design as a compromise between

bandwidth and ease of assembly.

As to assembly, the 0.100” x0.050” oxygen-free high-conductivity (OFE) copper
WRI10 rectangular waveguide is obtained without flanges from commercial extruded stock
and chemically cleaned. The dielectric consists of Wesgo AL-995 alumina ceramic, sliced and
ground from a 3” disk, into rods of dimension .098” x.048” x2”. The rods are coated with
a 1-mil layer of molybdenum-manganese and fired at 1500°C forming a metallized layer for
brazing. The windows are then cut to their final length of .0428” and brazed into the OFE
waveguide. The waveguide flanges are attached in a separate step. They consist of 304L
stainless steel, machined to a 3/4” circular WR10 waveguide flange geometry. These are
attached with a second, lower-temperature braze. Figure 4.11 shows a mechanical drawing
of the window and vacuum flange. We kept the vacuum flange separate from the RF flange
to ease the design of the window. The window is made in two braze steps. Thus the
braze steps consisted first of the window braze into the waveguide, then the window and
waveguide assembly is brazed into the vacuum flange. After each braze step, the window is

leak-checked with helium to ensure vacuum integrity.

One concern with this process is the difference in the thermal expansion coefficient

of the ceramic (1075/°C) and the copper waveguide (2x107°/°C). Differential expansion
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Figure 4.12: Plot of measured scattering parameters, S1; and So; along with calculated
scattering parameters for a sample window. S? = S%, + S3,.

during the 1000°C braze cycle may in principle produce a gap as large as 1 mil between the
dielectric and copper surfaces. For lower frequency, larger-dimension window assemblies,
such differential expansion may be restrained by a molybdenum retaining wire encircling
the ceramic window assembly. We opted for the same method for the W-band assembly,
producing successful brazes with all passing leak-check.

The completed window-assembly was subjected to transmission and reflection mea-
surements using the VNA. The results seen in Fig. 4.12, were fit with the analytic result of
Eq. (4.13), employing ¢, as a fit parameter. We infer ¢, ~ 9.485+.03 at 91.4 GHz. Also
seen in Fig. 4.12 is the result of numerical simulation via the finite-difference code, GdfidL
[29], giving good agreement.

One additional concern in this geometry is the presence of higher modes, “ghost
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modes”, caused by coupling into a mode that is trapped inside the over-moded dielectric
guide. One is particularly concerned to avoid a spurious resonance in the operating band
and the added insertion loss that would result. Fig. 4.12 shows the power sum |Sy;|*+|S2 %,
from which we can determine the insertion loss, and inspect the operating band for ghost-
modes. The observed attenuation of 0.2 dB seen in Fig. 4.12 is consistent with loss through
the 3” copper waveguide. The length of ceramic was too short for results to be sensitive to
a loss tangent in the 10~* range.

After bench measurements, this window was employed in a series of tests to be
described in Ch. 5. The maximum power handled by the window was 4 kW corresponding
to a field level of 1.5 MV/m for a pulse length of 100 ns. The window was an essential
component for this test as the solid-state components needed for power detection are not
vacuum compatible, and, in any case, are most conveniently situated outside the vacuum
envelope.

The design and the process appear to be mechanically sound, and robust; following
the first working window, several additional windows have been fabricated, and their RF
characteristics are in close agreement with the foregoing, while they have all passed leak
check.

In summary, we have developed vacuum-compatible components in WR10, for
operation with a miniature accelerator. Alternatives to a window included coaxial feed-
through, horn output through a window, taper to oversize guide and window. However, all
of these techniques have their own challenges, and even if successful, leave one with a more
complicated power calibration. More than that, they are not ideally suited for accelerator
component development. With a WR10 window we are able to couple power to other WR10
components in a straightforward way. We expect that development of more sophisticated,
quasi-optical accelerator components will later benefit from the calibrations and other work

facilitated by this simple, yet robust window design.

4.5 Dielectric Structure

The essential component for building a W-band accelerator is the accelerator struc-
ture. We have developed a dielectric loaded waveguide structure for this purpose. Revisiting
Ch. 3 and Fig. 3.1, two smooth dielectric slabs form a transmission line designed with a

cross section to give a phase velocity equal to the speed of light. The ends of the transmis-
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sion line are coupled to WR10 waveguide through a coupling cavity designed to match to
a traveling wave at 91.392 GHz. In practice this match was found empirically by cut and
measure. “Measure twice, cut once” was not a viable option because of a lack of measure-
ment equipment (7.e. an optical inspection station) for determining the dimensions scales
required.

In this section we describe the design considerations, fabrication and bench-test of
the planar dielectric accelerator. Our criteria for choice of dielectric were vacuum compati-
bility, breakdown threshold, moderate permittivity (£, < 10) for reasonable group velocity
(giving reasonable machining tolerances), and low loss-tangent. We pursued the use of two
materials: alumina ceramic and carbon vapor deposition (CVD) diamond, with relative
permittivities at W-band of 9.5 and 5.5, respectively. Diamond is of great interest [30] for

high-gradient work, where heating and breakdown are concerns.

4.5.1 Design and Tolerances

In general, design of an accelerator structure proceeds from an optimization of

_ GQUQ
 wP

Ak (4.15)

L1Q

and while the example of Sec. 3.1 is useful as a guide, it is possible to be more precise

with the help of a finite difference electromagnetics code GdfidL [29]. For illustration, we
present two structure designs using alumina ceramic and diamond. Dimensions were chosen
compromising between high [R/Q] and adequate beam aperture, subject to synchronism at
the design frequency. With the aid of GdfidL, we arrived at the geometrical parameters for
the structures listed in Table 4.6. This table summarizes design parameters for an alumina
structure (column 1); its slab counterpart (column 2) is obtained holding b/a constant.
Similarly, diamond and its slab counterpart are listed in columns 3 and 4.

An infinite length structure is modeled numerically by one with finite length having
periodic boundary conditions. The numerically computed @) resulting from sidewall copper
and dielectric loss in this finite length structure may then be employed to determine the

attenuation length in the traveling wave structure by the relation

w
a= .
2Quq

(4.16)
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Figure 4.13: The dispersion diagram for the lowest monopole modes for the alumina ceramic
structure and the speed of light line v = ¢ (dashed).
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The field-solver also provides the dispersion characteristics of the various structure
modes. For illustration, dispersion curves for the monopole modes of the alumina structure
(column 1, Table 4.6) are illustrated in Fig. 4.13. The accelerating mode corresponds to
the curve labelled HEMy; in Fig. 4.13, and the operating frequency is indicated by a circle.
The wave number at the operating frequency is k, = wp/c.

As in a conventional structure, synchronism imposes tolerances on the geometry.
The sensitivities to dielectric thickness (d = b — a), width (w), and gap distance (2a) are
listed in Table 4.7 for two sample structures. Conversely the coefficients of Table 4.7 permit
correction of uniform errors of the geometry by adjustment of the gap distance (2a), albeit
with some compromise in [R/Q] or beam aperture.

Such tuning errors cause a deviation of phase velocity from ¢ that results in particle
phase slippage from the RF phase. A uniform deviation of Ak, from the speed of light line
will result in a linear phase slip

dp(z) = Ak,z. (4.17)

The result is a reduction in the voltage gain experienced by a particle traversing the struc-

= sinc (A];zl> , (4.18)

where Vj is the voltage gain absent errors. It follows that allowance of 10% voltage reduction

ture,
!
v_1 //2 50(2) 1,
Vo L)

in a structure with [ ~ 2.54 cm requires |Ak,/k,| < 3%. Presently, we show that we were
able to tune the structure well within this limit.
Another kind of error of potential concern, corresponds to a linear taper in w or

d. This kind of error cannot be tuned away, in contrast to the previous uniform error.

Table 4.6: Geometrical parameters for example structures, with resonance at 91.4 GHz.

[ [ GdfidL | Slab | GdfidL | Slab |

Er 9.5 9.5 5.5 5.5
a (pm) 360 | 300 | 272 | 230
b (pm) 650 | 550 | 680 | 575
W (pm) 800 — | 1360 | —
vy/c 0.1 0.1 0.2 0.2
r/Q (B2) ] 90 | — | 94 | —
a (m~!) 6.4 6.8 2.2 3.0
Q 1500 | 1400 | 2200 | 1600
E,|G 0.6 0.6 0.7 0.5
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Considering w = wqg + 6,z where 6,, is the taper angle, the phase velocity corresponds to

axial wavenumber

o
ow
The phase slip §¢ is found by integrating the phase velocity along the length
_ 1dk,
26w

k.(z) = k,(0) + —0y2. (4.19)

dp(2) 02> (4.20)

A calculation like that of Eq. (4.18) gives

V. _1C(¢) +iS(Q)]
T (4.21)

1 [0y, 0k,
= —y/——= 4.22
¢ 2\ 7© dw ( )

where C and S are the Fresnel functions. For a 10% voltage reduction and [ = 2.54 c¢m, the
thickness (d) variation must be held to 13 pm from one end to the other. The width (w)
taper must be less than 72 ym. These numbers represent at least a factor of 3 improvement

(increase) in the tolerance over that for a conventional disk-loaded structure.

4.5.2 Fabrication and Cold-Test

The first step of the fabrication process was to machine the dielectric to the cross-
section determined using GdfidL. The alumina was ground to its final dimension; the dia-
mond was laser cut. The results were essentially 1” long “toothpicks” with cross-sections
of 0.3x0.8 mm? for the alumina and 1.3x0.4 mm? for the diamond with tolerances in the
range 5-10 pm.

The dielectric strips were aligned to the center of the flats using a precision ma-

chined fixture, and brazed to the copper substrate using an active braze alloy (ABA) from

Table 4.7: Phase sensitivity to dielectric thickness (d), width (w), and gap distance (a) for
the structures described in Table 4.6. Units are m~!/pm.

Alumina | Diamond
% 34 15
?Z 3.2 1.3
% 2.9 2.5
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Figure 4.14: Picture of a planar dielectric accelerator structure made from two identical
halves. The 1” long alumina strip is brazed to the center and located between the input
and output waveguide and coupling cavities.

Wesgo, CuSilABA (78% Cu, 20%Ag, 2%Ti). In principle, differential expansion a concern
at the 810°C braze temperature of the copper and alumina (diamond) with the expansion
coefficients of 2x107°/°C and 1x10°5/°C (2x10°9/°C) where at the end of the brazing
process the ceramic is under compression. The induced stress in the copper and ceramic
could cause a catastrophic failure such as the ceramic breaking or copper warping. Happily,

we have not seen such failure.

After the dielectric was brazed, we cut the input and output waveguides and
coupler cavities using stub EDM. Location of the cavity and dielectric centers were required
to be within 5 um. After a first cut of the cavities, photo seen in Fig. 4.14, we assessed the

state of the structure employing the VNA. In this way we could determine the transmission
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Figure 4.15: VNA data from sand-blasted cavity tests.

and reflection characteristics, and make comparison with Eq. (3.47), employing the external

Q’s, wall (O’s, and the resonance frequencies.

Finding that wall quality factors were rather low in previous EDM cavity studies,
we performed a stub EDM test-cut of additional stand-alone coupling cavities to measure
the quality of the cut structures. We found that the wall @) of the cavity could be improved
by “sand blasting” the tufaceous cavity surface with 10 gm alumina ceramic powder. We
saw a 20% improvement in wall () and no appreciable change in external () or resonance

frequency.

In this way, after three iterations of cutting and measurement, we had cut the
coupler cavities to proper frequency and coupling, and arrived at a circuit characterized by

the scattering matrix parameters depicted in Fig. 4.17 for the alumina example.

Using the circuit model discussed in Ch. 3, the modeled results shown in Fig. 4.16,

and comparing with the data of Fig. 4.17, we inferred the circuit parameters listed in
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Table 4.8. Independent measurement of the “sand-blasted” coupling cavities confirmed

Qu, and Q.

4.5.3 Bead Pull

As discussed previously, the phase velocity of the structure must be maintained
to within £3%. The phase velocity was measured by means of a non-resonant bead pull,
formalism set down by Steele [31] and with a result similar to Slater: the change in reflection
coefficient is proportional to the square of the perturbed field taking the general form

w

ASi = 2p (GaeE2 - ,uoémH2) e 2* (4.23)

where v = (ik, + «), P is the power and the polarizabilities of the needle are described by
e and ay,. The field perturbation provided by a 100 pm diameter stainless steel hypoder-
mic needle stretched transversely across the structure is soluable, however inference of the
complex wave number is independent of o, and «,,. The wavenumber, k,, may be inferred
from the phase of ASii, shown in Fig. 4.18, for the alumina example. This structure was
tuned by adjusting the gap distance (2a) to yield a phase velocity within 0.1% of the speed
of light.

The attenuation length of the ceramic may be inferred from the amplitude of ASy;
shown in Fig. 4.19, well fit by 1/a = 73 mm. These data may be compared with those listed
in Table 4.6. While we cannot distinguish dielectric and copper loss by our measurements,
our experience with copper waveguide of similar manufacture corresponds to an effective
surface resistance 30% over that of an ideal smooth OFE copper surface. From this and our
observed figure for attenuation, we may infer a loss-tangent of 1 x 10~2 for alumina, lying
in the range of reported values 0.8 — 1.6 x 10~ at W-band.

In parallel with the alumina structure was a similar study of a diamond dielectric
structure including design, fabrication and bench-test. The data for the diamond structure
revealed that the diamond samples were of low quality, with a dielectric constant of 5.7

rather than 5.5 and a high loss tangent in the 10~2 range.

Table 4.8: Circuit model parameters describing the accelerator as a series of lumped ele-
ments for the alumina example with L = 2.54 cm.

w1/27‘— le Qel Qez w2/27r Q’IUQ Qe3 Qe4 a
91.4 GHz | 1000 | 80 | 130 | 91.5 GHz | 130 | 80 | 1000 | 14 m~!
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Figure 4.16: Scattering matrix elements S1; (dashed), So; (solid) and the power sum S? =
S2 + S2, (dotted) using the circuit model from Ch. 3 and circuit parameters listed in
Table 4.8.
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Figure 4.17: Transmission, Sa; (solid), reflection, Sg; (dashed), and power sum, S3, + S%
(dotted), measurements from a prototype alumina PDA structure, subsequently installed
in the beamline.
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Figure 4.18: Phase of AS;; as measured from bead pull overlaid with the theoretical result,
confirming k, = w/ec.
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Figure 4.19: Attenuation length as measured from a bead pull, overlaid with the least-
squares fit with decay length, 1/a = 73 mm.
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4.5.4 Discussion

We have presented for the first time an assembled and bench-tested W-band dielec-
tric accelerator. For some years discussion of mm-wave accelerator structures has centered
on the difficulty of fabrication of miniature disk-loaded guide [32, 33]. Here we have seen
that an alternative approach employing a smooth dielectric loaded guide is quite feasible.
Clearly, assembly, cleaning, and fine-tuning on the bench are critical in arriving at accurate-
ly tuned input and output cavities, and high wall @’s. As for lower frequency accelerator
work, fabrication goes hand-in-hand with rf measurements on the bench.

The last component necessary to complete the relativistic klystron circuit is the

phase-shifter, described in Sec. 4.6.

4.6 Power Recirculation Phase Shifter

Recirculation in the form of Fig. 4.20 benefits from a phase-shifter, as the power
developed in the circuit depends on the phase-length of the recirculator arm. Commercial
components are not adequate for such work, where vacuum compatibility and high peak
power are concerns. In this section, we describe the design, fabrication and bench test of a
squeeze-type phase-shifter suitable for the circuit of Fig. 4.20(b).

When the recirculator is used with the dielectric structure, we should see an en-
hancement of the field levels according to

E(L) 1
Eo(L) 1—Ae T

(4.24)

where A is the complex attenuation through the phase shifter. This variable phase “knob”
allows for turning on and off beam deceleration, as well as fine tuning of the phase length
to maximize power circulation. The calculated deceleration voltage versus phase shift ¢ is
plotted in Fig. 4.21.

The squeeze type shifter we envision is that pictured in Fig. 4.22, consisting of
a length of WR10 waveguide, with standard WR10 inner and outer dimensions (a=0.10",
b=0.05" and A=0.18", B=0.13" outer), and single mode propagation in the range 59-
118 GHz. The waveguide can be compressed in the wide (a) dimension to provide a phase-
shift. The actual waveguide will be bent to form a U-shape, meanwhile, the phase length

may be understood from the scaling for straight WR10. Changing the width of the wave-
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Figure 4.20: Cartoon illustration of field enhancement during mm-wave power generation by
means of a recirculation arm transporting output power back to the input. The recirculator
has a phase adjustment to maximize power flow through the structure.
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Figure 4.21: Plot of expected voltage build up dependent on the phase length of the recir-
culator.
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Figure 4.22: Sketches of the squeeze-type phase-shifter, not to scale, showing radius of
curvature R, waveguide inner dimensions a X b and outer dimensions A x B.
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guide changes the guide wavenumber, k., and therefore the phase length of the guide.

L
6= /0 k.ds (4.25)

2 A\ 2
= —4/1 - | — 4.2
ho=2 (2) (4.26)

where a is the broad wall dimension and X the free space wavelength at the desired frequency.

For small deviations da in the waveguide width, the change in phase length is

A¢ = a;r—ll /6a(3)ds (4.27)

where s is arc length around the phase-shifter as seen in Fig. 4.22. The variation da is a

function of distance from the cut, z, and has an end point deviation of Aa

da(z) = % [3 (%)2 - (%)3] (4.28)

The geometry, coordinates and dimensions are shown in Fig. 4.22. Integrating, we find
the phase length deviation of the U-shaped phase shifter as a function of Aa, and guide

dimensions

271-2 d /2
Ay = 2 / Sa(r)dr + R [ Sa(d+ Rsin0)do
kza =0 9=0
w2 Aa <§
k,a3L3 \ 4

3r 2
+ 6R3d + <Z7r - §> R4> (4.29)

d4+(1+7r)Rd3+<377T+3>R2d2...

where L = d + R, with R = 0.5” and d = 1.76”. The total phase length through the arm
is calculated by integrating the wave number over the length of the arm and adding the
perturbation A¢ from Eq. 4.29.

Meanwhile, as for mechanical considerations, the necessary force required for the

deflection Aa is
3EI,
~73

where E =~ 1.17 x 10'' N/m? is Young’s modulus for OFE Cu, and the moment of inertia

F=

Aa (4.30)

of the cross-section is I, ~ (AB® — ab%)/12. With this one may show that the maximum
stress on the copper is

Tmax = — o Aa. (4.31)
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Figure 4.23: Picture of prototype phase shifter (scale in inches).

To prevent plastic deformation of the waveguide and hence maintain repeatability, we avoid

stressing the guide more than 5% of its yield strength, Y ~ 6.9 x 107 N/m?2.

With these design scalings in hand, we fashioned a phase-shifter using a 8” length
of extruded OFE copper, with interior dimensions as for WR10. A slit was cut through the
broad wall by EDM to facilitate squeezing, and 304L stainless steel flanges were furnace
brazed using CuAu 90/10 alloy. The finished assembly seen in Fig. 4.23 was then chemically
cleaned as this has been found in waveguide studies to remove any zinc or other unwanted

material from redeposit during the EDM process and substantially reduce attenuation.

We characterized the S-matrix for this device under low power using a W-band
vector network analyzer (VNA) [34]. We took VNA measurements for a series of values
of Aa with the help of a stack of feeler gauges used to control the slit gap. The data are
summarized in Fig. 4.24 showing the phase shift versus Aa at 91.4 GHz. The calculated
phase shift from Eq. 4.29 is plotted with the measured data in Fig. 4.24, giving good

agreement. The insertion loss seen in Fig. 4.25 is a factor of 2.7 worse than the theoretical
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Figure 4.24: Measured points overlayed with analytical calculation.

result for straight TE;p mode attenuation in OFE WR10, given by Eq. (4.3),

R, [wQI 27r2] cl1

a=2 |4+ | 2=
Zo|lc2b | wk,’

(4.32)

where R; = 0.073(2 at the operating frequency of 91.4 GHz and Zy = 377(2 is the impedance
of free space. The disparity between theoretical and measured values are attributed to
surface roughness and loss in the waveguide slit.

We will describe the test of this phase-shifter and the other components in the
following chapter, but will summarize the results for the phase-shifter here. We employed
the phase-shifter in the traveling wave resonator circuit of Fig. 4.20 at power levels above
180 kW giving field levels above 10.5 MV /m for 100 ns for several million pulses at 10 Hz
with no sign of breakdown. We revisit Table 4.5, revealing the field levels for different power
levels in WR10 and WR90 waveguide to illustrate the power required for testing under high
fields at W-band compared with X-band. Tests at X-band producing equivalent fields would
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require 2 MW of power.
Having described each of the necessary components for high-gradient testing, we

go forth to describe the tests of these objects in the relativistic klystron two-beam approach.



Chapter 5

Structure Studies with Beam

To study W-band structures at high fields we proposed driving these structures
using an electron beam due to the lack of a high power W-band source. The most appropri-
ate accelerator was the NLCTA. For the purpose of structure studies we have employed the
beamline illustrated in Fig. 5.1, a reconfigured portion of the NLCTA. Essential features
include an X-band bunched beam that delivers 0.5 A current, 1.2 ps bunch length, focussed
to 100x200 pm? beam at the structure under test. Beam current, energy, and bunch spac-
ing are all controllable parameters. Basic beamline instrumentation has been described in
Ch. 2 and includes fast toroids, BPMs, profile monitors, and a time-resolved spectrometer
with an energy resolution of 0.1%. Systematic effects present here include: noise on the
toroid caused by the kicker, head and tail of the bunch train not distinguishable on the
BPMs, burn spots on the profile screens, and wire scanners requiring very low background
radiation for successful measurement.

For these tests we operated the machine using three klystron stations that powered
6 accelerator structures to give an electron energy of 300 MeV. In Fig. 5.2 we show a

schematic of the RF network powering the accelerator structures.

5.1 Beamline (NLCTA)

The W-band interaction region is located in a 1-m section of the NLCTA beam-
line between the last accelerator section and the spectrometer. This spot was chosen to
accommodate the test apparatus and an additional quadrupole magnet. The added quad

makes a doublet for squeezing the beam down to a nominal 100x200 pm? size. The rest

72
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Figure 5.1: Schematic diagram of the NLCTA beamline. Electrons emerge from the DC
gun at the top of the page, are bunched at 11.424 GHz in the two buncher cavites, are
accelerated to 300 MeV, and finally focused to transmit through the W-band structure
under test in the interaction tank.
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of the NLCTA lattice was also adjusted to recover the squeezed beam for analysis through
the spectrometer.

Without modifying the NLCTA lattice upstream of the last accelerator section,
we used the program Methodical Accelerator Design (MAD) [35] to adjust the lattice to
our given constraints. These constraints were a beam waist of less than 200 ym at the IP,
containment of the beam through downstream elements (including a 6 mm kicker opening),
another beam waist at the downstream profile monitor and maintenance of the dispersion
for energy measurements in the spectrometer. Figs. 5.3 and 5.4 show the lattice in terms

of beta functions for the original and modified beamline.

5.1.1 Interaction Region Isolation Considerations

We considered isolating the vacuum between the interaction region and the up-
stream linac by placement of a thin metal beam window. For a window of this type, we
must consider mechanical stresses (e.g. heat and pressure), as well as beam interaction. The
worst case NLCTA beam parameters at the vacuum chamber would be: 340 MeV electron
beam energy, 1400 bunches x 5 10® e~ /bunch x 10 Hz, 100 x 600um? beam area (worst
case), and a normalized emittance of 50 mm mrad.

Most values are calculated assuming the use of a 25 pm thick stainless steel foil as
a window.

The power dissipated in the window is

P, = (—p%) NeR§
where p is the density, % the energy loss in the material, IV is the number of electrons, e
the electron charge, R the repetition rate and § is the thickness of the material.

For stainless steel, (—p‘é—f) = 11.7 MeV /cm and we will consider a 25 pm thick
foil to get

P, =3.3 mW.

Assuming a Gaussian distribution (100umx600um), we get a pulsed temperature rise of

P
AT = =2 =170°
C, 70°C

where C}, includes the volume of material being heated. This pulsed heating is large, but

not unreasonable for stainless steel.
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Figure 5.4: New Beta functions for NLCTA powered W-band.
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Using a safety factor of 2 on the atmospheric pressure, the mechanical stress is

Pr
o= — =

5% 7,400 psi
where P is the pressure differential, r = 0.5 inches, the radius of curvature and 0 = 25 pym
is the foil thickness. The stress is well under the yield strength for stainless steel at ~30,000
psi.

With § = 5m, the angular spread of the beam at the window is

€
<o'>= .,/ ~ 0.1 mrad
N By

The multiple scattering due to a 25 pm foil is [36]

13.6 MeV | § 0
0, Bep X, [ 4+ 0.0381In XJ 3 mrad

716.4 A g

Z(Z +1)In (%) cn?

pXo =

where A is the atomic mass, Z the atomic number and Sep= 300 MeV. For stainless steel
X, = 1.8 cm. From Fig. 5.5, one can see that this foil would greatly increase the opening
angle of the beam and hence destroy the beam emittance.

Fig. 5.5 shows the scattering angle versus foil thickness for beryllium and stainless
steel. From this plot, we see that to reduce the multiple scattering to the level of the natural
angular spread of the beam, we could take a maximum foil thickness of 7 ym for beryllium
and stainless steel was ruled out. A beryllium window of this thickness would be too fragile

to be practical.

5.2 Sub-Harmonic Interaction Tank

Conventional accelerator structures form their own vacuum envelope. To sim-
plify the design, fabrication and assembly of the structures to be tested and to improve
throughput for testing on the beamline we opted to simplify the problem by enclosing the
entire structure inside an external vacuum enclosure. This sub-harmonic interaction tank
as depicted in Fig. 5.6 consists of a 6-port cross mounted on a micro-stage installed on a
precision mount fixed to the beamline. There are three ports available for mounting and
instrumentation of the test structures. The tank acts as a universal mount for testing of

any structure that will fit into the 4” ID port.
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Figure 5.5: Multiple scattering for stainless steel (dashed) and beryllium (solid).
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Figure 5.7: Force versus Transverse Displacement for Bellows

We opted to employ welded rather than electro-formed bellows to allow for a
broader range of extension necessary for the two inch transverse motion of the tank on the

micro-slide.

We settled on a 5.72” OD, 4.03” ID, 3 section bellows of 10 convolutions per section
(Standard Bellows P/N 572-403-3-EE). Manufacturer data for these bellows included a
longitudinal spring constant of 4.7 lbs/in and a maximum stroke of 5.07”. Manufacturer
data did not include a transverse spring constant and we determined the constant from
bench measurements. To measure the transverse spring constant, we rigged the bellows to
a weight system and measured the deflection for different weights, data shown in Fig. 5.7.
We inferred a linear spring constant over the entire 1”7 deflection yielding a spring value of
~12 lbs/in. The fact that the curve is linear also suggests that the bellows are not being

plastically deformed.
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Figure 5.8: Schematic of W-band signal readout system.

5.3 W-Band Signal Processing

Signal processing is shown in Fig. 5.8 depicting the beam driven source, the WR10
waveguide and window (vacuum/air interface) and connecting waveguide through a W-band
attenuator into a 18 x harmonic mixer. In each of the experiments we used this scheme for
the power readout. The very short attenuation length of W-band signals in waveguide
(1 dB/foot, or even worse in cable), does not permit transporting the W-band signals
out of the linac enclosure. For this reason we placed a W-band harmonic mixer close to
the beam line shielded by a lead brick housing. Among the components are an HP 8563
spectrum analyzer running as a tuned receiver for the HP 11970W 18x harmonic mixer
that down mixed the W-band signal to 300 MHz to be read by a Tektronics 1 GS/s real

time oscilloscope.

The 18x harmonic mixer has a conversion loss of 48 dB and a sensitivity of
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Figure 5.9: Plot of W-band detection circuit calibration overlayed with a fit of slope of 0.9.

1 mV/uW with a dynamic range of 60 dB. A plot confirming the linearity and calibra-
tion of the harmonic mixer using a power source and high precision attenuator is seen in
Fig. 5.9. To determine the attenuation and match, the S-matrix is measured for the wave-
guide network that connects the structure on the beamline with the mixer on the floor. This
measurement was repeated several times in the course of the studies with beam, confirming

repeatability.

5.4 Beam Tune Up

The beam passing aperture of the first structure was a round hole of diameter
680 ym. The nominal beam size for the original NLCTA lattice at this location was 1x2
mm. It was for this reason that the triplet was added prior to the test setup. With the
triplet in place, the NLCTA configuration was modified with the help of MAD to match
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beta functions through the rest of the linac shown in Fig. 6. In practice to achieve the
desired beam size and orbit at the structure, a tune up procedure was required that we will
now outline.

The tune up look something like this: first the structure was removed from the
beam path with the help of the micro-slide. With the structure safely away from the
beam’s path, we then would tune the injector. The bunch phase and structure phases were
adjusted to give minimum beam energy spread as observed in the chicane. The lattice model
was confirmed by quad scan. The vertical kicker was turned on to reveal energy spread
along the bunch train. The klystron timing and phases were adjusted to give maximum
energy and at the same time minimum energy spread along the train. Following that, the
triplet was adjusted to give the beam waist as depicted in Fig. 8, as monitored in a profile
monitor 7 betatron phase advance downstream of the interaction point. Next, the beam
was momentarily turned off while the structure support was moved into place to align the
structure aperture into the beam orbit. The 7 phase advance was then confirmed by imaging
the structure aperture on the downstream profile monitor.

Heat deposited by beam interception was a concern that drove the use of copper
as the support structure. Copper has a sufficient heat conduction to remove the heat from
the structure to the support flange. The temperature of the flange was monitored with a
thermocouple which was read out with the SLAC Control Program (SCP).

We then made small adjustments to the triplet and orbit to maximize the beam
transmission as monitored using the BPM stripline summation signal (TMIT). Fig. 5.10
shows transmission after tune up of the electron beam through a 2 mm diameter hole in
the support block.

Nominal beam parameters for these measurements are 240 MeV, 0.5 A, bunch

length of 1.2 ps, bunch train of 120 ns.

5.5 Test #1 — Single Cavity Resonator

The first of the series of tests is the study of a single RF cavity and an RF window,
as described in Secs. 4.3 and 4.4. The corresponding RF circuit is that of Sec. 4.3 consisting
of a cavity and a window with a mismatch. At the time we were not entirely confident that
we could handle power on the order of 1 kW, in WRI10, as it had not been done before to
our knowledge. [Power levels of this order were later studied in WR10 at NRL.] This test
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Figure 5.10: Beam transmission through a 2 mm diameter dummy target.
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Figure 5.11: Picture of the single cavity and support arm.

gave us significant confidence to handle W-band signals of this magnitude.

The device under test (DUT) is seen in Fig. 5.11 mounted to a copper support
arm positioning the cavity on axis in the beamline for testing. The support arms mounts
to the 67 OD conflat flange of the six-way cross. The DUT consists of the single cavity
and RF window described in Ch. 3. VNA measurements of the cavity-window system are
shown in Fig. 5.12. We can infer a new (). and fy of the system from this measurement.
The window has a non-zero reflection at the cavity’s resonance frequency which causes a
detuning of the cavity dependent on the VSWR of the window and the length of connecting
waveguide.

The RF measurements in Test #1 consisted simply of observation of the RF wave-
forms as mixed down to 300 MHz. One such example of the data are shown in a screen
dump in Fig. 5.13 showing the 300 MHz signal and the corresponding toroid current signal.
Also seen in the figure is a Fast Fourier Transform (FFT) of the 300 MHz waveform from
which we could easily check the output power.

A typical post processed waveform is that shown in Fig. 5.14, corresponding
to a power of 800 W with a current of 0.25 A. These results correspond to structure
parameters[R/Q] =110, Q, = 1305, Q. = 571, as in Table 4.4. A theoretical wave-

form is overlayed in this figure taking the beam current and these parameters according to
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Figure 5.12: Reflection measurements of the cavity-window system under test.
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Eq. (4.4).

Over the course of several days data sets were collected for RF waveforms and
corresponding current waveforms for a number of different current settings, results see in

Fig. 5.15. Overlayed in this figure is the theoretical result,

P= LRS cos? ()12 (5.1)

(1+p)?

using parameters as in Table 4.4 and the detuned Q. = 650 as determined from bench
measurement of the cavity-window system in Fig. 5.12. The detuning of the cavity due to
the window required us to run the injector off frequency to reach the highest power levels.
We were able to run the injector 6 MHz from it nominal 11.424 GHz operating point, to
bring us 48 MHz closer to resonance on the cavity.

After these studies the gate valve upstream was closed, the spectrometer was
vented to remove the structure and the structure was inspected for damage from beam

impinging around the iris. The visual inspection showed no particular damage and Si;
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measurements before and after beam testing were within the observed repeatability of the
VNA. Thus in Test #1, we demonstrated the ability to drive a miniature RF circuit with a
beam to produce kilowatt power levels without arcing. We also confirmed to our satisfaction
that we could expect to test more elaborate structures with a 0.5 A beam without damaging

these new structures.

5.6 Test #2 — Planar Dielectric Accelerator

In Test #2, the device under test consisted of the dielectric structure described in
Sec. 4.5, followed by a stainless steel attenuator as described in Sec. 4.2, and a window as
described in Sec. 4.4. The 6” conflat flange was modified to accommodate two windows for
the signals from the input and output of the structure as seen in Fig. 5.16. As in Test #1,
the tune up consisted of first tuning the injector for good transmission and energy spread
determined with the chicane. Following injector tuning, employing the spectrometer screen
and kicker we adjusted the timing and phase of the downstream accelerator sections to give
low energy spread over the entire 120 ns bunch train. We then moved the structure into
the beam for measurements.

The sequence of measurements was slightly different because we had only one
mixer to measure RF output. Consequently, the signals from the input and output were
not measured simultaneously, however they were measured under nearly identical beam
conditions.

The sequence of RF measurements for Test #2 consisted of, observation of power
signals from the output coupler under low current conditions (=~ 0.1 A), then under high
current conditions (= 0.4 A). Following studies of power from the output of the structure,
we observed input coupler signals under nominally identical beam conditions. The output
from the input coupler was consistent with the power generated in the input coupler cavity.
We did not observe breakdown from high fields or from dielectric charging at either the
input or output.

Typical waveforms from the input and output are shown in Fig. 14. Outgoing
voltage from the input arm corresponds to low power levels created only in the input
coupling cavity. The outgoing voltage from the output arm corresponds to the power of
17 kW with a beam current of 0.5 A from which one may infer a shunt impedance of 2 M.

The beam current waveforms are similar to those shown for Test #1.
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Figure 5.16: Picture of Test #2 structure showing the dielectric structure, high power
attenuators and windows.
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Figure 5.17: Histogram of peak power produced.

Fig. 5.17 shows a histogram of peak power levels for one data run. There are a
total of ~100 waveforms. These collected waveforms represent about 1% of the total pulses
produced for that run. The circuit model agrees with these measured values of output
voltages for given input current.

After tests with the beam, the structure was removed and re-tested on the bench,
shown in Fig. 5.18. The S-matrices were indistinguishable for the structure before and after

10° beam pulses.

5.7 Test #3 — PDA with Recirculation

For Test #3, we again modified the 6” flange to accommodate the phase shifter
from Sec. 4.6. The top view of the setup is shown in Fig. 5.19 depicting the dielectric
structure, phase shifter including 60 dB coupler. The squeeze type phase shifter could be



Chapter 5: Structure Studies with Beam

93

0
88 89 90 91 92 93 94
Frequency (GHz)

Figure 5.18: Comparison of S parameters before and after testing with beam.
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Figure 5.19: Picture of DUT for Test #3.

controlled through an actuator wired into the control system. In this study we monitored
the power from the coupler as shown in Fig. 5.20, corresponding to 0.18 MW with a beam
current of 0.5 A. The maximum power generated is shown versus phase shifter position in
Fig. 5.21. Recall from Sec. 4.6 and Eq. (4.24) that the field enhancement from the power
recirculator is 3.5, with a recirculator of attenuation, A = 0.9.

The horizontal beam passing aperture was slightly larger than in Test #1, at

760 pm, but the vertical beam passing aperture was 1 cm. This generous aperture allowed
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Figure 5.20: Plot of power levels reached.
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Figure 5.22: Effective [R/Q)] shown for a pencil beam and finite beam size.

us to study the transverse dependence of the [R/Q)] by using a single corrector in the
upstream quad. We were able to monitor output power levels while scanning the beam
position across the structure face. From this data we were able to infer [R/Q] and its
transverse dependence as shown in Figs. 5.23 and 5.24. A precise comparison requires the
convolution of the 100x200 pm? beam size with the pencil beam [R/Q] from GdfidL as
seen in Fig. 5.22. The effective [R/Q] was measured using the electron beam as a probe
and the beam is scanned across the face of the structure. Figs. 5.23 and 5.24 show the
data overlayed with the GdfidL expected result. Another measure of the effective [R/Q)] is
shown by varying the beam size at the IP by adjusting the quad strength just upstream of

the structure as shown in Fig. 5.25.
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Figure 5.24: Effective [R/Q] shown for a finite beam size.
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Chapter 6

Conclusions

In this work we have shown, successful fabrication and test under high power of
W-band accelerator structures. The W-band signals remained stable over many W-band
cycles, giving no signs of breakdown or ceramic charging. The test chamber is suitable
for further work in W-band or more generally, for test of many components of a size less
than 4 inches. This work implies that W-band is a possible realm for a future compact
collider. This frequency was chosen for a reason not too dissimilar to the reason S-band
was chosen for the Two Mile Linac, namely, it is the shortest radio-frequency wavelength
thought possible to build using currently available manufacturing techniques. Acceleration
at laser wavelengths (0.1 - 10 um) has been investigated, but the common problem for these
very short wavelength is that the stored energy is proportionately small yielding maximal
beam loading at low bunch charges.

We propose that the optimal wavelength, trading high-gradient, high-charge and
repetition rate, will lie somewhere between 3.3 mm and 10 pm. This investigation of mm-
wave devices has led to the novel planar dielectric design and could be scaled to possibly
shorter wavelengths. A similar pursuit of Tera-Hertz resonant devices might start with the

robust approach of the planar dielectric accelerator.
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