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Abstract

Proton and heavy-ion radiotherapy are powerful tools in cancer treatment, yet access to these
modalities has been limited due to the large size and costs of the accelerators used and the
facilities to house them. The dielectric wall accelerator (DWA) is a type of compact particle
accelerator that can potentially bring proton and heavy ion therapy into more widespread
clinical use at a significantly lower cost than existing devices. However, the technology pushes
the limits of current materials and electronics, making the maximization of the efficiency of
the design absolutely crucial. In this work, an investigation of the critical parameters of
the device was performed using electromagnetic simulation and particle tracking tools, and

novel geometric variations of the device were investigated in order to improve performance.



Chapter 1

Introduction

1.1 Proton Radiotherapy Overview and History

Proton radiotherapy was first proposed by Robert R. Wilson in 1946 [13], and the first
treatment was carried out at Lawrence Berkeley Laboratory in 1954 [I4]. Protons deliver the
majority of their energy at the end of their range in what is known as the “Bragg peak”, after
which the dose drops off rapidly with depth. This is in contrast to photons, which deliver their
maximum dose at a relatively shallow depth that drops off approximately exponentially with
depth, providing significant dose beyond the depth of the target volume (Figure . These
physical advantages of protons lead to more conformal dose distributions in many cases,
which may allow for reduced normal tissue complications or maintaining similar normal tissue
complication probability (NTCP) while delivering a higher target dose. The potentially high
precision of proton dose distributions allows for the application of clinical techniques such
as dose painting, where sub-volumes of the target are given additional dose [15].

Tumor coverage is achieved by modulating the range of the protons to create a spread-out
Bragg peak (SOBP). This can be achieved by placing material of varying thickness within the
beam (such as a modulator wheel), which can cause some slight defocusing and additional

neutron dose, or by actively modulating the energy of the beam [14].
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Figure 1.1: A comparison of the depth-dose curves of photons, protons, and the spread-out
Bragg peak (SOBP) of protons. Image modified from Levin, 2005 [1].

Proton beam delivery is improved through the use of pencil beam scanning, in which a
narrow beam of protons is scanned over the target volume to provide tumor coverage [16].
Scanning methods reduce secondary neutron dose to non-target regions by a factor of ten
as compared to scattering methods [I7]. Energy modulated pencil beams allow for delivery
of highly conformal intensity modulated proton therapy (IMPT) [I8] through methods such
as three-dimensional intensity modulation [19], distal edge tracking [20], and distal gradient
tracking [21]. The reduction in dose to healthy tissue through using these methods allows
for significant escalation in tumor dose [22] 23] 24].

According to the Particle Therapy Co-Operative Group (PTCOG), as of March, 2013
there are 36 facilities performing proton or other particle therapy worldwide; note that seven
of these facilities are limited to treating ocular tumors. Between facilities that are both
in and out of operation currently, nearly 110,000 patients have been treated with proton
therapy [25]. The majority of proton therapy facilities are very large and expensive, costing
hundreds of millions of dollars to construct [26]. In order to overcome this obstacle, different
compact proton accelerator technologies have been proposed and are at various stages of

development. These technologies include the dielectric wall accelerator (DWA) [27], compact



synchrocyclotrons [28], and wakefield accelerators [29]. The DWA is the subject of this thesis.

1.2 Implementations of Proton Radiotherapy

The vast majority of proton radiotherapy is currently performed with cyclotrons or syn-
chrotrons, while carbon ion radiotherapy is performed exclusively with synchrotrons. A
single accelerator will often provide a beam line with ports in multiple rooms, with each
room often possessing a rotating isocentric gantry with large bending magnets for beam
steering [28]. Synchrocyclotrons capable of accelerating protons to 250 MeV are available
from vendors including Ion Beam Applications S. A. (IBA), Varian, and Mevion, and proton
synchrotrons are commercially available from vendors including Hitachi and Optivus Tech-
nology [30]. Implementation of a multiple room proton radiotherapy facility remains costly,
mostly due to the large footprint required, with prices on the order of 150 to 200 million
dollars [31]. The most compact proton radiotherapy system currently in clinical use is the
Mevion S250 250 MeV superconducting synchrocyclotron [32], which is mounted on a gantry
that rotates about the patient and requires a footprint significantly larger than a traditional
treatment room (Figure . Reduction of accelerator size to the point of fitting into a
normal radiotherapy bunker would drastically reduce the cost of proton radiotherapy and is

the design goal of the DWA.

1.3 Organization of Dissertation

This work will begin in Chapter 2| by discussing the function and individual components of the
DWA, the current status of its development, and the simulation methods used throughout
the rest of the thesis. Chapter [3| contains a study of the electromagnetic properties of
individual transmission lines and their various parameters. Building off the work in Chapter
B, Chapter [4] will analyze the effects of stacking said transmission lines in a configuration

suitable for producing accelerating gradients for ions. Chapter [5 builds on the stacked line



Figure 1.2: Schematic of the Mevion compact synchrocyclotron. Image from Gall, 2013 [2].

geometry with particle simulations of short scale accelerator geometries. Finally, Chapter

[6] will investigate several variations of the transmission line geometry and assess different

methods of pulse shaping.



Chapter 2

Background and Significance

2.1 Dielectric Wall Accelerator

The dielectric wall accelerator (DWA) may be broken down into several key components. The
beamline portion consists of the ion injector and focusing elements, the dielectric beam pipe,
and post-acceleration focusing elements. The power section consists of stacked transmission
lines with a number of switches which control the firing of individual transmission lines or
simultaneously fired sub-stacks of transmission lines, along with either high-voltage pulsing
or charging components corresponding to two different regimes of operation: pulsed voltage
injection or charged-discharge. The following section will describe each of these subsystems

in detail.

2.1.1 Transmission Lines

The transmission line portion of the accelerator is central to the operation of the device.
A number of geometric variations exist, but they share certain common characteristics.
In most general terms, the transmission lines used in the DWA consist of stacked layers of
alternating conducting and insulating materials, the conducting layers of which are connected

by switches at some point along the line (often at one end). The closing of the switch results
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Figure 2.1: A schematic representation of a dielectric wall accelerator.
in an electromagnetic wave which propagates up the length of the line. When the pulse

reaches the end of the transmission line, a strong electric field perpendicular to the plane of

the transmission line is created. This is the field which ultimately accelerates the particles.
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Figure 2.2: A schematic representation of an end-fired transmission line, also showing the
axis of the generated electric field.

The time it takes the pulse to propagate up the length of an end-fired line is given by
Equation [2.T}
tpL = X/ o €o €1, (2.1)

where x is the length of the transmission line, uq is the magnetic permeability of free space,



€p is the permittivity of free space, and ¢ is the dielectric constant of the insulating material
between the conducting layers of the lines. The gradient at the ends of the lines then lasts
for twice the transit time of the line, as the wave front propagates back and forth along the

length of the line, shown by Equation [2.2

tduration = 2$\/ Mo €o €1- (22)

The pulse duration is thus proportional to the length of the line and the square root of the
dielectric constant of the insulating layers[33]. In the context of the DWA, these pulses are on
the order of nanoseconds. Fuller characterization of these pulses under various conditions is
shown in Chapter 3] While these equations do not apply to some more complex variations of
the transmission line geometry, such as transmission line transformers, they are illustrative
of the behavior of the electric fields within layered conductors and insulators common in
most geometries.

Transmission lines also possess a characteristic impedance based on their geometry. The
impedance of a transmission line is given by twice the characteristic parallel plate impedance:

t
7 = 20y = 2—, | L2 (2.3)

w\ eper’
where ¢ is the thickness of the line and w is the width of the line. Changes in impedance in
transmission line networks generate a reflection related to the relative difference in impedances.

The reflection coefficient is given by [34]:

o Zload - Zsource
- )
Zload + Zsource

(2.4)

where Zgouree and Zj,.q are the impedances of the input voltage and load, respectively. The

transmitted and reflected voltages are then given by:

V;‘,ransmitted =T ‘/sourcev (25)



‘/:/‘eflected = (]— - F) Vsource- (26)

When a transmission line is terminated with an open connection (or extremely high
impedance, i.e. Zj,,q = 0) between the conductive layers, I is -1 and the voltage between
the top and bottom layers is double that of the injected voltage. These impedance matching
considerations are important in the context of the DWA for designing hardware implemen-
tations of the voltage inputs as well as being utilized for pulse shaping, which is discussed
in Chapter [6]

In order to reduce the occurrence of dielectric breakdown in both the transmission line
and the dielectric beam pipe, the desired pulse is short - a few to tens of nanoseconds. The
breakdown field strength of a nanosecond pulse may be roughly an order of magnitude higher
than that of a microsecond pulse [35] [36]. Due to this short pulse duration, sub-nanosecond
switching of the transmission lines is required, as longer switching times will result in the
rise time accounting for a significant portion of the pulse duration. A discussion of switching
methods meeting this criteria is continued in Section [2.1.3]

Also related to the rise time of the pulse is the dielectric constant of the insulating material
(as will be shown in Section [3.1.1)). In short, increasing the dielectric constant also increases
the rise time of the pulse. Thus, the desired insulator possesses a small dielectric constant
while having an extremely high dielectric strength. Good candidates fitting these parameters
are polyimides, a family of polymers traditionally used in many types of electronics. Several
varieties of polyimide are available under the Kapton® trademark from DuPont. Kapton®
films have a dielectric constant of 2.7 to 3.5, with dielectric strengths over 150 MV /m [37].
Additionally, the lossiness of Kapton® is very low - Blumleins up to 48 meters long have
been constructed that exhibit losses of only a few percent relative to 9 meter long Blumleins
[38]. Thus, for the purposes of the DWA where the desired line length is under 2 meters, the
dielectric losses are minimal.

A full simulation study and discussion of the impact of various geometry, electrical, and



material variations on the performance of the transmission lines in the DWA may be found

in Chapter

2.1.2 Beam pipe/High-Gradient Insulator

The beam pipe is a long, hollow cylinder which extends up the length of the accelerator and
surrounds the particles as they’re accelerated. The interior of the beam pipe is under vacuum
for this purpose. Since the accelerating fields are generated outside of the beam pipe, the
pipe cannot be a solid conductor (which would electromagnetically shield the interior of the
beam pipe - hence the “dielectric wall” portion of the moniker “dielectric wall accelerator”).
However, the high gradients generated by the accelerator when operated at high voltages

cause dielectric breakdown in the most insulators.

Conductors—

= .
—

Figure 2.3: Schematic of a beam pipe consisting of a cylindrical stack of high gradient
insulator.

The mechanism of dielectric breakdown of particular concern is surface flashover, in which
electrons are emitted from the dielectric and traverse its surface through multiple collisions,
ionizing adsorbed gasses in the dielectric and generating an arcing electron avalanche which
eventually results in total breakdown [39]. While several approaches to increasing the surface
breakdown strength of vacuum dielectrics have been investigated, of particular interest in
the context of the DWA is high-gradient insulator (HGI) technology [4]. First developed
at Lawrence Livermore National Laboratory, an HGI consists of several layers of insulating

material interleaved with conductive layers [36]. The beam pipe of the DWA may then be
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constructed of stacks of cylindrical rings of this material, as shown in Figure [2.3]

Compared to traditional insulators, HGI breaks down at voltage gradients up to 4 times
higher than traditional insulators, depending on the specific geometry of the HGI [40, [36]. For
pulses under 10 nanoseconds, gradients over 100 MV /m have been achieved before failure [35].
There are two proposed theories of the mechanism behind the increased dielectric strength of
HGI materials. In the first, emitted electrons are intercepted by the conducting layers before
colliding with the insulator and generating further secondary electrons [41]. In the second,
the conducting layers produce equipotential field lines which sweep the electrons away from
the surface of the HGI [3]. In practice, both phenomena likely occur, with some electrons
being re-absorbed and some being repelled, with trajectories similar to those shown in Figure
2.4 In both cases, the emitted electrons are most often emitted from the triple point of the
HGI, where the insulator, conductor, and vacuum intersect [40]. The optimal thicknesses
of the insulators and conductors may be optimized to either of these theories - in the case
of the Elizando approach, the conductive layers are quite thin relative to the thickness of
the insulating layers, while the Leopold approach calls for insulators and conductors of equal
thickness. Experiments show that an insulator to conductor thickness of roughly 100:1 yields
the highest gradient before surface flashover [4].

In tests of several HGI geometries of varying conductor and insulator thickness, one
interesting result is that in all geometries, even after several flashover events and clearly
apparent material damage, the HGI samples exhibit a slow degradation in insulator strength
rather than a rapid reduction in strength typical of conventional vacuum insulators [4]. This
slow degradation is likely due to the vaporization and subsequent deposition of the metal in

the conducting layers, resulting in conductive paths along the surface of the insulator [35].

2.1.3 Switching Mechanisms

The switching component of the accelerator must be extremely fast, while capable of holding

off or injecting very high voltages. Also, the timing jitter of the switches must be extremely
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Figure 2.4: Simulated trajectories of electrons generated at the insulator surface in an HGI
with an insulator to conductor thickness ratio of 3 to 1. The vertical axis is magnified by a
factor of 20. Image adapted from Leopold, 2007 [3].

low in order to match the ion pulse as it travels down the beam pipe. Due to these require-
ments, the switching module of the DWA is one of the major limiting factors in scaling the
DWA to clinically useful energies in a compact manner. Traditionally, switching has been
achieved by charging the central conducting layer of the transmission lines relative to the

outer layers (or vice versa), followed by closing the switch connecting the conducting layers
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Figure 2.5: High-gradient insulator undergoing surface flashover. The sample is 10.15 mm
in height and underwent the flashover event at 19.7 MV /m. The field was created by a Marx
generator with a pulse length of 100 ns. Image from Harris, 2007 [4].

[9]. However, another approach using an ultra-fast high voltage injection in place of the

switch appears to be a viable alternative, as simulations in Chapter [3| will show.

Charged-Discharge Mode

One embodiment of the device operates by charging one or more of the plates in a given
transmission line and holding off the voltage from neighboring plates using an open switch.
The closing of the switch causes current to flow between the plates and forms an electro-
magnetic pulse that travels the length of the line. Once the pulse reaches the end of the
transmission line, an electric field perpendicular to the plane of the line is generated and
used to accelerate particles. For this mode of operation the primary switching mechanism of
interest has been optical switching, in which an optically transparent semiconductor acts as a
strong insulator under normal conditions, but rapidly becomes conductive when illuminated
by a laser pulse [42]. Initial efforts utilized GaAs as the semiconductor material, having a
bulk dielectric breakdown strength of 20 MeV/m [43]. However, more recent approaches
have utilized SiC, which despite having a larger band gap and lower electron mobility than
GaAs, possesses an extremely high breakdown strength of 300 MV /m [44]. A schematic of

a SiC switch in simplest form is shown in Figure [2.6]
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Contact

Figure 2.6: A schematic of a SiC optical switch, where h, and w, are the height and width of
the switch, respectively, and d, is the optical absorption depth of the triggering laser. Image
from Nunnally, 2005 [5].

In practice, however, these SiC switches have been found to fail at much lower voltages
than those expected by their bulk breakdown strength. Extremely high current “filaments,”
despite triggering with uniform optical irradiation, have been observed using infrared imaging
on GaAs switches [45], and large (710x) field enhancement effects have been observed at the
edges of the electrodes in SiC switches [5], resulting in failure at field strengths approximately
an order of magnitude lower than the bulk breakdown strength [6]. An image of these failed
switches may be seen in Figure 2.7, Various methods have been attempted to increase the
hold-off strength of the optically triggered switches, including using curved electrode surfaces
[42], customizing the optical input using light guides [46], and surrounding the SiC with a
resilient non-photoconductive material such as synthetic diamond [47]. As of the time of

writing, the gains of using these methods have not been published.

Pulsed Injected Voltage

In another embodiment of the device, a very short voltage pulse (on the order of a few

nanoseconds) is injected into a transmission line. The sudden voltage difference between two
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Figure 2.7: Several failed optical switches consisting of 1 cm x 1 em SiC layers with 1 mm
thickness. Failure occurred at an average field strength of 30 MV /m; field enhancement
effects at the edges of the electrodes pushed the field strength to approximately 350 MV /m,
causing their failure. Image from Caporaso, 2009 [6].

of the lines creates an electromagnetic pulse that rapidly propagates towards the beam axis
as current flows between the two lines. This pulse injection can be accomplished in a number
of ways. High voltage thyratrons, such as an EEV CX 2025X deuterium thyratron, have been
used for voltage injection, though their relatively high jitter (on the order of nanoseconds)
and significant rise times make them less suitable for DWA applications [38]. A high-voltage
source held off by an ultra-fast solid-state transistor or MOSFET operated as a closing switch
may be employed. This method is limited by the speed and voltage hold-off characteristics
of the switch, which heavily influence the efficiency of a particle acceleration and strength
of the accelerating gradient, respectively. Operating in this regime, the switch needs to hold
off high voltages for the relatively long durations between pulses, and traditional switches
with these temporal and hold-off capabilities do not currently exist.

An alternative method of voltage injection consists of a circuit utilizing drift step recovery
diodes (DSRDs) operating as rapidly opening switches in order to incite a very short (70.1
to 3 ns) voltage pulse of very high strength [8 48]. Using this method, critical sections of
the accelerator are only exposed to high gradients for a few nanoseconds during the pulse,

and the likelihood of dielectric breakdown is greatly reduced. First developed in Russia in
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1981 [49], present-day DSRDs are capable of switching times of 0.1 to 0.5 ns (at a slew
rate of 10'? V/s), with jitter on the order of 10 ps, allowing for operation up to 10 MHz
[50]. DSRD based circuits have been used to generate ultra-fast high voltage pulses [7].
DSRDs themselves consist of a stack of several p-n junction diodes, with the number of
layers corresponding to the voltage standoff of the diode [8]. In general, a DSRD based
pulse generating circuit requires a second, slower switch (such as a MOSFET) to control the

charging voltage and undergoes the following stages (see Figures and :

1. The switch governing the charging voltage is closed, causing the DSRD to develop
current in the forward direction while in series with an LC circuit and parallel to the
load. Charge is accumulated near the physical interfaces of the p-n junctions within
the diode. This charging time must be short (and thus the LC time constant must
be small), else the charge will diffuse through the bulk material of the semiconductor
layers and later inhibit electron mobility during the discharge and cause deleterious

effects in the pulse.

2. After a short period (750-200 ns, depending on the LC time constant), the charging
voltage switch is opened. A second closing switch to provide a reverse bias voltage in
series with an inductor may [51] or may not [8] be used to deplete the charge on the
DSRD more rapidly. The DSRD remains conductive in the reverse direction as long

as the charge accumulated in step 1 is present.

3. Once all the charge accumulated in step 1 is depleted, the resistivity of the DSRD
very sharply increases, effectively acting as an opening switch with an opening time
on the order of hundreds of picoseconds. Since the current suddenly stops, the in-
ductors discharge into the load extremely rapidly. This can be understood intuitively
by considering that when the current ceases, the magnetic field of the inductor goes
to zero extremely rapidly, generating an electric field in the circuit in accordance with

Faraday’s law (V x E = —%—?), which along with Lenz’s law, produces an electromotive
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force of e = —L4L. Thus the stored energy of the inductors (given by W = $LI? ) is

very quickly diverted into the load [52].
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Figure 2.8: Circuit representing a DSRD-based voltage injection into a transmission line.
Circuit design adapted from Efanov, 1997 and Artz, 2009 |7, §].

2.1.4 Particle Injector

A number of different particle sources and injector structures may be used in a DWA. Options
include duoplasmatron, used in the proton therapy synchrotron at Loma Linda [53] and
in DWA prototypes built by Compact Particle Acceleration Corporation (CPAC) [9], and
electron cyclotron resonance (ECR) ion sources, used in the Heidelberg medical synchrotron
[54]. Both classes of devices are capable of creating and initially accelerating protons as
well as heavier ions such as carbon. Following ion production, ion beams may be initially
accelerated by a radio frequency quadrupole (RFQ) accelerator (or induction cells [6]) prior
to injection into the main accelerator, and focusing elements such as einzel lenses are often
used for beam optics throughout the injector [9, 55, [6]. One study stated that the injection
requirements for proton therapy require the ion beam to exit with an energy of 1 MeV or
higher and a temporal pulse width of <300 ps for efficient acceleration by short accelerating

pulses, while the beam radius must be <3 mm with an emittance <8 mm-mrad, and the



17

Figure 2.9: Current in the DSRD (shaded area) and voltage output to the load (unshaded
area) when operating a DSRD as an opening switch. Image modified from Efanov, 1997 [7].
repetition rate must be adjustable from a single shot up to 10 Hz with charges of 3 to 30 pC
per pulse [56]. At 10 Hz and 30 pC per pulse, the beam current would average to be 0.3 nA;
a higher repetition rate or charge per pulse may be needed to reach the 0.5 to 1 nA current

necessary to treat at 2 Gy/min [57].
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2.2 Existing Prototype Dielectric Wall Accelerators

The origins of the DWA can be traced to linear induction accelerators first developed at
Lawrence Radiation Laboratory in Livermore, CA (now Lawrence Livermore National Lab)
in the 1960s as a part of the Astron fusion experiment [58]. While capable of high beam
currents (hundreds of A), the Astron linacs created average gradients less than 1 MV /m and
required bulky ferromagnetic cores [59]. Modern induction linacs are capable of generating
multiple kA electron beams, but still possess the drawback of limited gradients; the DWA
concept was thus conceived from the goal of increasing the gradient in these linear induction
accelerators [60].

A short-scale text accelerator based on DWA principles was constructed at Lawrence
Livermore National Lab in the late 2000s. This device, named First Article System Test
(F.A.S.T.), consists of a short stack of Blumlein transmission lines abutted against an HGI
beam pipe with a 4 cm bore (Figure[2.10). Protons were generated by a gated spark discharge
source and initially accelerated to 250 keV by a 5-cell induction injector [6]. Optical SiC
switches were illuminated and triggered by a single split laser pulse. The insulating layers
of the Blumleins were constructed of FR-4 dielectric (with a dielectric constant between
4 and 5, depending on frequency [61]), and possessed an impedance of 40 2. Thus, the
lines rang for several cycles due to reflections. To measure the properties of the accelerated
beam, a Thomson spectrometer was located downstream from the injector and accelerator.
Proton energies were measured when the pulse from the Blumleins was both synchronized to
accelerate and decelerate the particles, as well as when the lines were not fired at all. When
synchronized with the accelerating portion of the pulse, an energy gain of about 40 keV
(working out to 1.6 MeV/m) was found at the highest switching voltages. However, these
accleration tests were limited by the switches failing at much lower voltages than expected,
as discussed in Section [2.1.3] [62].

An engineering prototype DWA system for accelerating protons has been built by the
Compact Particle Acceleration Corporation (CPAC)(Figurd2.11] [9]. The proton injection
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Figure 2.10: Photograph of the F.A.S.T. setup, consisting of a 2.5 cm high HGI beam pipe
with a 4 cm bore and two stacks of 7 “Blumleins” on either side of the HGI. Image from
Caporaso, 2009 [6].
system of this prototype consists of a duoplasmatron ion source which emits protons at 35
keV, followed by a “kicker” which deflects the beam such that only single 2.35 ns bunches
(corresponding to a single rf cycle in the subsequent RFQ) are accepted to the next stage of
the accelerator. Finally, an RFQ linac accelerates the protons to 2 MeV before entering the
DWA portion of the device [56]. The DWA portion of the system consists of a 10 ecm HGI
beam pipe and two matched 3 c¢m stacks of 15 Blumleins; each Blumlein is 60 cm long, 2
cm wide, and 2 mm thick (Figure . This system, as described, achieved energy gains
of nearly 80 keV [9], while later iterations of the prototype have achieved gradients of 15
MeV/m [63]. An alternate geometry, utilizing 24 dipole lines per layer, was also investigated
by CPAC [63].

Finally, a group at the Institute of Fluid Physics (IFP) in China is developing a DWA
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Figure 2.11: Block diagram of the engineering prototype built at CPAC. Image from Zografos,
2011 [9].
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Figure 2.12: Rendering of the prototype DWA built by CPAC. Image from Zografos, 2011

[9].
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prototype [64, [65]. The group aims to develop a 1 MeV DWA utilizing parallel plate Blumlein
transmission lines triggered by optical switches and an HGI beam pipe, with a goal gradient
of 20 MeV /m; beam transport studies of the device have been published [64]. Beam transport
studies for a 10 MeV version of the device have also been published [66]. At Peking University,
a 40 keV proton injector has been built for the proposed device, with researchers expecting

to commission the combined injector and DWA in the near future [65].

2.3 Other Applications of Dielectric Wall Accelerator
Technology

In addition to use for radiotherapy, the DWA architecture has potential to be useful in
several other fields. One application is package screening for homeland security applications.
Researchers at Lawrence Livermore National Lab have proposed using a DWA for versatile
package testing using multiple accelerated ion species in order to detect nuclear and multi-
component liquid threats [67].

Another potential application is in particle-induced X-ray emission spectroscopy (PIXE).
PIXE is a multi-elemental analysis technique which is performed by irradiating a sample with
a proton beam with a typical energy of about 2 to 3 MeV or an He ion beam of about 4
to 5 MeV. This irradiation causes K- or L-shell electrons to be knocked out, causing a de-
excitation of a higher shell electron and emitting a characteristic x-ray. These x-ray emission
peaks are then resolved using Si(Li) or similar detectors [68]. The compact structure and
multi-ion capabilities of the DWA make it appealing for this application, as these energies
could feasibly be achieved in tens of centimeters. This could allow for benchtop elemental
analysis that could be incorporated in a system such as the sequential tissue erosion imaging
(SETI) device developed at UW-Madison [I0] and allow for combined imaging of optical
and atomic composition (see Figure . Helium gas may be blown over the sample to

minimize perturbation of the ion beam in atmospheric conditions.
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Figure 2.13: A schematic drawing of the PIXE process.

2.4 Electromagnetic and Particle Simulation Methods

2.4.1 Finite Element Electromagnetic Simulation Methods

While various software was used to simulate the electromagnetic fields in the following simu-
lations, they all use finite element analysis to solve Maxwell’s equations on a grid-discretized

representation of the geometry being simulated:
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Figure 2.14: Block diagram of a combined SETI-PIXE system. Image modified from Bred-
feldt, 2014 [10].

The finite difference time domain (FDTD) method was first proposed by Yee in 1966
[69]. This method is implemented in a number of software packages, including XFdtd (Rem-
com, Inc.), used in portions of this research. The finite integration technique (FIT) is a
very similar time-domain method developed to efficiently solve Maxwell’s equations in their
integral form, rather than finite differences as used in FDTD. This distinction allows for
simpler representations of some geometry features in FIT, such as thin sheets. The method
was first developed by Weiland in 1977 [70, [71] and is used in CST Microwave Studio, the
software utilized for the majority of simulations in this work. Time-domain methods are
conducive to simulating the properties of the DWA, as modeling the sequential triggering of
transmission line stacks and the travel of a particle bunch are not well suited to frequency
domain methods.

Both methods discretize the geometry of the simulation into a finite mesh. The electric
and magnetic fields are then updated in an alternating fashion at subsequent time steps on
grids that are offset from each other (generally by half the cell size - see Figure . The
grid resolution determines the maximum time step required for stability of the simulation.
The simulation may be run for an arbitrary number of time steps, and the full 3D fields at

each time step may be stored for analysis [11].
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Figure 2.15: Schematic of the offset grid method used in the finite integration technique.
Image from Marklein, 1999 [11].

2.4.2 Particle In Cell Method

The particle-in-cell (PIC) method is a particle tracking technique which is capable of incorpo-

rating the electromagnetic fields generated by both transient external sources and geometries
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as well as those generated by a distribution of charged particles. This method is better suited

to simulating the DWA | as simpler tracking methods often consider only static external fields.
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Figure 2.16: Block diagram of the particle-in-cell method utilized by CST Microwave Studio.
Image from CST, 2014 [12]

A PIC solver is offered as a part of CST Microwave Studio (CST, Inc.) and was used for
simulations found in Chapter [5| Their implementation of PIC tracks particles in continuous
phase space, independent of the calculation mesh of the external fields (such as those caused
by the transmission lines of the DWA). The method calculates the electromagnetic fields at
a given time step on the calculation mesh, linearly interpolates those fields to the position of
each particle, updates the particle positions and momenta based on those fields, and updates
the electromagnetic fields accordingly (see Figure . The PIC model incorporates space
charge, a variety of different emission models for particle sources, sheets that are variably
transparent to particles for modeling beam windows, and export of the full 3D trajectories

of each particle [12], making it a powerful tool in the analysis of accelerator performance.
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Chapter 3

Transmission Line Characterization

3.1 Single Transmission Line Simulations

In order to understand the operation of the device as a whole, we must first understand the
behavior of individual transmission lines. A number of geometric, material, and electrical
properties impact the performance characteristics of the bulk accelerator. Through simu-
lation, we can vary these parameters to determine their impact on the performance of the
device. When considering individual line performance, the temporal properties of the gener-
ated pulse are key. In one spatial dimension, these properties include pulse duration, shape,
and magnitudes both immediately at the end of the line and height along the beam axis.
Expanding to two and three dimensions, the behavior of the generated pulse along the rest
of the beam axis is equally important, as the particle bunch must necessarily pass through
these regions. The behavior of the field in the transverse plane, parallel to the transmission

lines, is also important for the uniformity of the accelerated particle bunch.

3.1.1 Voltages and Electric Fields Generated

The simplest transmission line geometry simulated here consists of three conducting layers

separated by thicker layers of insulating material. The following section will investigate how
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the variation of the various parameters of this simple line impact the ultimate accelerating
pulse seen at the beam axis. These parameters include both the geometric dimensions and
electrical properties of the line.

A reference transmission line was modeled and simulated as a reference point to parameter
changes. The model utilizes annealed copper as a conductor and lossy polyimide as the
insulating material. The insulating layers are each 1 mm thick, the copper layers are 0.1
mm thick, and the length and width of the line is 40 cm by 10 cm. An excitation pulse
representing a 10 kV injected voltage in the shape of a smooth step function with a 0.5
nanosecond rise time was provided to a discrete edge port to model the switching of the line.
Use of an edge port to model a switch or injected voltage is represented in the literature with
good agreement with experiment [63]. The method of using a smooth step function as the
excitation source is accurate for the first modeled pulse: however, the interactions between
the reflected pulses and the port are not representative of the actual behavior of such a
system, and later pulses will be inaccurate. The rationale for using this simplified injection
pulse is to well characterize and isolate the behavior of the transmission lines themselves and
exclude the impact of any specific switch or pulse. As such, only the first pulse is shown in
Figure Shown is the voltage difference between the top and bottom copper plates at the
end of the transmission line. The pulse duration is in good agreement with that calculated
from Equation [2.2] which is 4.99 ns. The magnitude of the output voltage pulse is roughly
double that of the injected pulse, as expected.

The voltage pulse shown in Figure|3.1]illustrates the voltage at the end of the transmission
line, not the accelerating field at the beam axis. The electromagnetic fields that radiate from
the end of the line are what ultimately accelerate the particles. The accelerating gradient
is the Z component of the electric field some distance from the end of the transmission line
and has a shape very similar to the voltage output of the line. The X, Y, and Z components
of the electric fields 1 cm from the end of the benchmark line are shown in Figure 3.2 Note

that the X and Y components of the field are much smaller than the Z component, and in
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Voltage Output at End of Single Transmission Line
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Figure 3.1: Simulated voltage output for a single transmission line receiving a 10 kV injected
voltage pulse. Note the doubling of the injected voltage.

particular, the X component has a magnitude of nearly 10 kV/m. These significant fields
may be canceled out through the addition of an opposed line, as shown in Section 3.2}

The propagation of the fields into space may be visualized by taking a 2D slice of the
solved 3D fields. Each spatial component of the field may be plotted, as can the absolute
value of the electric field. These fields are available at each time step of the simulation and
may be displayed as an animation. This type of visualization helps to illustrate a number
of behaviors in the lines. Looking at Figure |3.3] it is apparent that the magnitude of the
accelerating field falls off rapidly from the end of the line (an effect further investigated in
Section . Furthermore, the fields have a significant magnitude at points above and below
the plane of the transmission line along the beam axis. The behavior of these fields will be
important to consider and characterize as well, as will be discussed in Section |3.1.2

Similarly, we can look at the fields in the XY plane of the beam axis in qualitative
terms. We can see that the fields generate a region of high electric field in the Z axis that is
maximized at the center of the line in both directions. Again, note the large fields at regions

above and below the line - this indicates that the fields of a single line have a large impact



29

Electric Field 1 cm from End of Benchmark Line
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Figure 3.2: Accelerating and transverse gradients 1 cm from the end of the benchmark
transmission line.

on the effective gradient at other points along the accelerator, an effect further discussed in

Section [3.1.2

3.1.2 Axial Analysis

The above analyses considered the fields produced by the transmission line in the same plane
as the line itself. However, it is important to realize that the lines induce strong electric fields
above and below this plane as well. Figure [3.5|shows the fields at a moment in time during
the pulse (at t = 7 ns) along an axis perpendicular to the plane of the line, corresponding to
the beam axis. In other words, the x-axis of the Figure[3.5]is the beam axis. Examining the
fields as such gives insight into the influence each transmission line has upon the entirety of
the beam pipe, rather than single points adjacent to the beam pipe. The following figures
show the fields at a single point in time, during the peak of the pulse; however, the fields

are available at each time point of the simulation and may be animated to illustrate the



30

—

Figure 3.3: Cutplane in XZ showing the absolute value (left) and Z component (right) of
the electric field generated by a transmission line during a pulse.

"

Figure 3.4: Cutplane in XY showing the absolute value (left) and Z component (right) of
the electric field 5 cm from the end of a transmission line during a pulse.

™

Zz

temporal properties of the axial fields.

A number of observations may be made through examining Figure [3.5l First, the X
component of the field is nearly as large as the accelerating gradient, pointing away from the
end of the line (the negative X direction) above its plane, and in the positive X direction below
the line. These large transverse fields, significantly larger than the 10 kV fields seen in the
transmission line plane shown in Section [3.1.1} would certainly push the ions off of a straight
trajectory through the accelerator. These fields may be effectively canceled out with the
addition of another, matched line in the X direction, as discussed in The Y component

of the field at the beam axis is negligible, as the geometry around the curve is symmetric in
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E-Fields Along Beam Axis 2.5 cm from End of Single Transmission Line
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Figure 3.5: Electric fields generated by a single transmission line along the axis 2.5 cm from
the end of the line during the peak of the pulse.
the Y plane. Finally, the Z component of the electric field becomes negative some distance
above and below the line. This creates an “axial parasitic” effect not previously discussed in
the DWA literature (Figure . The effect emphasizes a number of design considerations.
Poor timing when triggering lines will actively decelerate the particle bunch, requiring an
extremely precise firing schedule. Excessive ringing in the accelerator will cause deleterious
effects to the gradient, even far from the ringing lines. Finally, the duration of the pulse
must be well suited to the particle bunch dwell time; if the pulse is much longer than the
time the particles spend next to a given set of lines, the negative tails of the axial gradients
will hinder the possible gradients of neighboring lines. The magnitude of the negative lines
is exacerbated by stacking, which is shown in Chapter [4]

The behavior of the axial gradient as you move from the end of the line is shown in Figure

3.7 Moving further from the ends of the lines, the peak strength of the gradient rapidly falls
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Accelerating and Decelerating Axial Gradients Produced By Single
Transmission Line
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Figure 3.6: A illustration of the axial parasitic effect induced by a transmission line.

off, dropping by a factor of two simply by moving 4 mm (from 0.6 cm to 1 cm) from the line
terminus, emphasizing the need to minimize the radius of the beam pipe bore as much as
possible. The nearer axes, however, create a narrower region of acceleration spatially along
the beam axis, with a negative region larger in magnitude. This negative region still occurs
at a distance along the axis several times the width of the transmission line; for example, at
1 ¢m from the end of the line, the axial gradient does not become negative until about 2 cm
above and below the line. A further effect of the shape of these axial pulses is that adjacent
lines increase the gradient, allowing for fields on the beam axis to be much greater when the
lines are stacked. This will be further discussed in Chapter [4]

It is also useful to inspect the X and Y components of the fields away from the central
axis. However, these fields are changed significantly by the addition of a matched line, and

their behavior will be further discussed in Section [3.2.2
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Axial Gradients at Various Distances from End of Line
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Figure 3.7: Axial gradients generated by a single transmission line along the axes of varying
distances from the end of the line. The transmission line is centered at 55 mm.

3.1.3 Dielectric Constant Variation

To investigate the impact of changing the dielectric constant, this value was varied over sev-
eral simulations. A representative comparison of three different dielectric constants, centered
around that of polyimide at 3.5, is shown in Figure In agreement with Equation [2.2]
the pulse duration scales with /€;, as does the rise time. Since the desired pulse is rela-
tively short to avoid dielectric breakdown (<10 ns) and deleterious line-to-line interactions
discussed in Chapter [d] a short rise time is preferred, and thus a relatively low dielectric

constant is needed.
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Effect of Dielectric Constant Variation on Output Pulse
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Figure 3.8: Comparison of transmission lines with three different dielectric constants.

3.1.4 Currents Generated

When a transmission is triggered, large currents are generated in the transmission lines.
Figure shows the current generated at the midpoint of a single transmission line in each
conductive layer of the line, along with the gradient produced at the end of the line for a
point of temporal reference. The currents generated in the top and middle lines, between
which the excitation port is located, are equal in magnitude and opposite in sign. The
current induced in the lower line is small; however, in a stacked geometry where this layer
is a part of the subsequent transmission line, this line would conduct a current similar to
that of the top line. At a 10 kV injection, these currents are approximately 5 kA - large,
but lasting only a few nanoseconds. The current is then reversed in equal magnitude after

the reflection of the pulse from the end of the line.

3.1.5 Line Width Variation

The width of the transmission lines is a key geometric component of the generated pulse.
A series of simulations was performed to geometrically vary the width of the transmission

lines to examine the impact of this dimension. In the CST Microwave Studio software,
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Figure 3.9: Currents generated in the top, middle, and bottom conducting layers at the
midpoint of a single transmission line, along with the pulse shape of the gradient for reference
purposes (scaled down by 95% for plotting purposes).

the width of the line was defined parametrically and swept across a series of values from
2 cm to 10 cm width. The resultant gradients produced 2.5 cm from the ends of the lines
are shown in Figure Most immediately clear is the difference in peak gradient. The
fields propagating from the line termini fall off more rapidly as the lines become narrower,
electrodynamically analogous to moving from a point to a line source of varying length. The
returns from widening the lines diminishes after a point, however, and at 2.5 cm from the
end of the lines, there is little gain from widening a line beyond 10 cm.

Two additional effects may be seen in Figure |3.10| as a result of widening the lines.
Firstly, there is an increase in rise and fall times of the pulse with an increased line width.

The slew rate of the rising edge of the pulse appears relatively constant, and the increased
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Gradients Produced from Lines of Varying Widths
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Figure 3.10: Z-component of the electric field generated 2.5 cm from the end of lines of
varying width.

rise time corresponds to the higher ultimate peak height of the gradient. The pulse duration
and fall time are also slightly impacted by line width; as a fast fall time is desirable due
to the axial parasitic tail effect, line width choice (for a closing switch type excitation) is
ultimately a trade-off between peak gradient and optimal pulse shape. Secondly, the ripple
of each pulse increases and the frequency of the ripple decreases with a larger width. This
indicates that the ripple is due to internal reflections within the width of the line, an effect
further evidenced by the increasing ripple frequency with decreasing dielectric constant seen

in Figure [3.8
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3.2 Matched Line Simulations

The addition of a symmetric, opposed line accomplishes two goals: increased accelerating
gradient at the beam axis and a cancellation of the X component of the transverse fields
shown in Section [3.1.1} For the basic transmission line geometry, addition of more than
two matched lines brings a reduction of efficiency, as the width of the line must be greater
than that of the beam pipe in order to transmit the greatest accelerating gradient to the
beam axis. A geometry consisting of a single pair of matched, opposed transmission lines
was constructed in order to asses the effect on the generated fields (Figure . For these
simulations, the HGI beam pipe is ignored for the purpose of assessing the performance
of the transmission lines in idealized terms. The dimensions and injection voltages of the
additional line are identical to that of the first, and the lines are separated at the center by

a distance of 5 cm for the following simulations.

Figure 3.11: Geometry of a single matched pair of transmission lines.

3.2.1 Electric Fields Generated

Figure |3.13| shows the pulse generated by the matched line configuration at the center point
between the two lines (2.5 cm from either line) in comparison with that of a single line in the

same position, illustrating the doubling of the gradient. A qualitative plot of the gradient
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Figure 3.12: Accelerating gradient (Z-component of electric field, shown on the XZ cutplane)
generated by a single transmission line pair.

produced by a pair of matched lines is shown in Figure |3.12] This image illustrates some
effects described in the following sections. The impact of the matched line on the axial field
is shown in Section The accelerating gradient varies significantly in the region between
the lines, an effect discussed in Section [3.2.3] Finally, significant fields are found above and
below the line, which are the origin of the parasitic effect between lines further investigated

in Chapter [4]

3.2.2 Axial Field Analysis

An axial field plot along the central axis between the two lines is shown in Figure [3.14]
As expected, the large X component of the field is canceled out with the addition of the
second line, while the Y component of the field remains negligible, and the magnitude of the
Z component is doubled (relative to that of a single line, shown in Figure . However,
while the X and Y components of the fields are eliminated at the central axis, each has a
significant magnitude at axes off the central axis.

Figure shows the Y component of the field in the matched line geometry. Moving
further from the axis (while remaining between the two lines) yields increasing electric fields

in this direction. The X component of the fields as you move in this direction remains
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Accelerating Gradients for Single and Matched Lines, 2.5 cm from Line Ends
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Figure 3.13: Z-component of the electric field generated by two matched lines and a single
line.

negligible due to the canceling effect of the symmetry and is not shown. Similarly, Figure
3.16| shows the X component of the fields at various distances off the central axis in the X
direction. In both cases, these off axis fields are smallest close to the beam axis, implying
that the cross section of the beam itself should be small to minimize the impact of these off
axis fields. However, their deleterious impact is somewhat alleviated by the fact that they
alternate in direction above and below the line: for a given particle trajectory, both regions
are experienced so the net force imparted to the particle in those directions is greatly reduced.
Furthermore, the accelerating, Z component of the field is still much greater than these off
axis components, and the particles will be traveling at high enough velocities (assuming
sufficient injection energy) that the duration they experience any given off-axis field will be

very short.
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Electric Fields at Central Axis Between Matched Lines
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Figure 3.14: Electric fields generated at the central axis between two transmission lines
during a pulse. Note the complete cancellation of the X and Y components.

3.2.3 Transverse Field Analysis

The accelerating gradient across the region between the lines has a bowl-like shape, as the
magnitude of the electric field rapidly falls off with distance from the end of each of the lines.
For the separation distance of 5 cm, the effective gradient at the center of the beam axis
is over an order of magnitude smaller than that of the end of the lines (Figure - this
emphasizes the need to minimize the radius of the beam pipe to maximize the gradient that
reaches the ions to be accelerated. A wide, flat region across the center of the axial region
is well suited to particle acceleration, as the particles will experience a reasonably similar
gradient when within this region, and thus be accelerated at the same rate.

However, when looking more closely at the central region of the beam pipe, there is still



41

Y-components of E-field at Axes Offset in Y Direction
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Figure 3.15: Y-component of the axial gradients generated by a single transmission line for
various displacements in the Y direction.

a significant variation of field strengths. Figure [3.1§ shows the central 2 cm section of the
transverse plot shown in Figure[3.17| The outer regions have a gradient that is approximately
30% greater than that at the absolute center of the beam pipe. The impact of this difference
on a particle bunch is described more fully in Chapter 5, but in short, particles nearer
the transmission lines are preferentially accelerated. This discrepancy in acceleration may
be accounted for by temporally shaping the accelerating pulse through various geometries,

discussed further in Chapter [6]
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X-components of E-field at Axes Offset in X Direction
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Figure 3.16: X-component of the axial gradients generated by a single transmission line for
various displacements in the X direction.

3.3 Inclusion of Beam Pipe

While the previous simulations have excluded the beam pipe for the purpose of examining the
pure performance of the transmission lines, in practical terms, the beam pipe is essential and
will have an impact on the fields that ultimately reach the particle bunch. The following
simulations incorporate the beam pipe in two ways. First, a beam pipe constructed of
purely dielectric material is considered. Second, a beam pipe with the interleaved conductor-
insulator structure of HGI material is investigated. Both types of beam pipe geometry are

compared with a geometry containing no beam pipe.
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Gradient vs. Position Between Matched Transmission Lines
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Figure 3.17: Accelerating gradient (Z-component) of electric fields across the region between
a pair of matched transmsission lines.
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Figure 3.18: Accelerating gradient (Z-component) of electric fields across the region between
a pair of matched transmsission lines. This plot shows just the central 2 cm of the inter-line
region. Note that the field at the center is roughly 30% lower than that at the edges.
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HGI Beam Pipe Simulation Geometry

Figure 3.19: Simulation geometry for HGI beam pipe simulation.

3.3.1 Pure Dielectric Beam Pipe

A simulation utilizing the geometry and excitation parameters described in Section [3.1.1
with the addition of a beam pipe consisting of pure dielectric material was designed. The
dielectric material chosen was Rexolite®, a cross-linked polystyrene possessing a dielectric
constant of 2.53 and a dielectric strength of 2.1 MV /m commonly used in the construction
of HGI materials [72]. The outer radius of the beam pipe was defined 1 mm from the end
of the matched transmission lines, the diameter of the beam pipe was 2 mm thick, and the
spacing between the transmission lines remained 5 cm. This geometry was compared with
a benchmark simulation containing a region of pure vacuum between the lines by setting
the beam pipe material to vacuum. An additional simulation was performed with a pure

insulator beam pipe with twice the dielectric constant of Rexolite®.

3.3.2 High Gradient Insulator Beam Pipe

The high breakdown strengths of high gradient insulators have made them particularly inter-
esting for DWA applications. The addition of conducting layers to the beam pipe significantly

changes the way the fields propagate to the beam axis. A geometry consisting of the above
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parameters was constructed with the exception of replacing the beam pipe with an HGI
stack. The thicknesses and materials of the HGI stack were chosen to coincide with the best
performing sample in published data. As such, the insulator material chosen was Rexolite®
with a thickness of 0.254 mm, while the conductor chosen was stainless steel with a thickness
of 0.013 mm [4]. The thickness of the beam pipe was chosen to be 2 mm with an outer radius
beginning 1 mm from the end of the transmission lines as in the pure dielectric simulation.

A schematic of the simulation geometry is shown in Figure [3.19]

3.3.3 Impact of Beam Pipe Inclusion

Comparison of Accelerating Gradients at Beam Axis for Various Beam Pipe
Geometries
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Figure 3.20: Accelerating gradient for various beam pipe materials, along with the beam
pipe excluded.

A plot of the field strengths for the pure dielectric, pure vacuum, and HGI geometries is
shown in Figure [3.20, The pure dielectric beam pipe has a dampening effect on the pulse,
such that the gradient is decreased as the dielectric constant of the beam pipe increases. The
addition of the HGI beam pipe, however, does not degrade the pulse height in this geometry.

This can be attributed to the fact that the layered conductors of the HGI geometry effectively
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Axial Accelerating Gradients With and Without HGI Beam Pipe
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Figure 3.21: Accelerating gradient along a curve corresponding to the central axis of the
beam pipe with and without HGI beam pipe.

direct the pulse closer to the beam axis and mitigate the rapid gradient fall-off from the end
of the lines observed in Section [3.2] This effect can be observed in Figure [3.22] - note that
the dampening effect of the field propagation in the pure dielectric case may also be seen in
the field fall-off within the beam pipe.

An additional effect of adding the HGI beam pipe is propagation of the fields around the
beam pipe itself. The layered conductors and insulators of the HGI transport the fields in a
way similar to many “micro” transmission lines and cause significant fields on the cutplane
between the lines (see Figure . The impact of this effect on the axial gradient along the

beam axis is illustrated in Figure |3.21| and is seen to be minimal.
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Figure 3.22: Z component of the electric fields in the vacuum (no beam pipe), insulator, and
HGI beam pipe geometries. Identical scaling was used for each image.
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3.4 Pulsed Voltage Input

Having characterized the lines for an idealized closing switch, we can now inspect the impact
of injecting a pulsed voltage into the pair of matched transmission lines. Using the previously
defined benchmark line geometry, two different pulsed excitation voltages were simulated
with hold times at the peak voltage of 100 ps and 1 ns. For the sake of comparison, the
magnitude of the voltage is still 10 kV; however, there are commercially available pulsers

with similar output shapes that operate at 10s of kV.

Pulsed Injected Voltage Excitations
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Figure 3.24: Excitation signals used for pulsed voltage output simulations.

Not surprisingly, the short pulsed voltage injections produce a gradient that are tempo-
rally shorter than the excitation produced by the smooth step signal (Figure. For both
pulsed injections, the duration that the gradient is within 10% of the peak value is on the
order of a nanosecond. While this pulse duration is much shorter than the pulse duration

of the smooth step defined by Equation [2.2] this pulse shape is still suitable for accelerating
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Gradients Produced by Pulsed Injection Voltages
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Figure 3.25: Gradients produced 2.5 cm from the end of a transmission line for two different
pulser-type excitations, along with the smooth step pulse representing a closing switch.
protons since the temporal length of the pulse as required for proton therapy applications
is only 300 picoseconds. Another effect of note is that the gradient generated by this pulser
becomes negative after the initial accelerating pulse, and the parasitic tails of the axial fields
become accelerating, which will help to slightly offset other parasitic behaviors (Figure.
These axial parasitic tails of the pulser are also observed to have a magnitude about a factor
of two smaller than those generated by the smooth step/closing switch excitation.

Figure shows the currents generated within a transmission line receiving a pulsed
voltage injection. These currents are smaller than those generated by the smooth step
closing switch excitation shown in Figure [3.9] which peak at 5 kA. Like the smooth step
case, the initial reflection is opposite in polarity and equal in magnitude to the first. The
second reflection, in contrast, begins with a negative magnitude before returning to the initial

polarity. This second set of reflection generates the second, negative gradient pulse.
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Electric Fields at Beam Axis for Matched Lines: 1 ns Pulsed Excitation
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Figure 3.26: Electric fields generated by a 1 ns pulsed excitation during the pulse, along
with the Z-component during the reflected pulse (at t= 10 ns) and that of a smooth step
excitation during the pulse.

3.5 Hardware Transmission Line Verification

In order to verify the simulations, a simple test transmission line was constructed. The
layers of the transmission lines were built using Pyralux® AP Plus AP7378R, a copper
clad laminate available from DuPont. Each sheet consists of 305 um of Kapton® dielectric
bonded to 70 um of copper [73] on either side. To create layers similar to the above simulated
transmission lines, the sheets were cut into three lines 50 cm in length and 10 cm in width.
For the purposes of electrically connecting to the lines, two of the lines had 1 cm by 1 ¢m tabs
on the switching end. In this way, a transmission line with three conducting layers and three
insulating layers (one of which is not used) is formed. A fast delay generator (9530 Digital
Delay Pulse Generator from Quantum Composers®, Inc.) was used to inject a voltage pulse

across the two tabs, and this voltage pulse was imported into CST Microwave Studio to
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Figure 3.27: Currents generated in the top, middle, and bottom conducting layers at the
midpoint of a single transmission line receiving a pulsed voltage injection, along with the
pulse shape of the gradient for reference purposes (scaled down by 95% for plotting purposes).

serve as the excitation pulse for a simulation matching the physical geometry (Figure .
The lines were compressed with custom machined mounting brackets made of Delrin®, an
acetal polymer produced by DuPont; no extra dielectric or conductive adhesive was used.
This method of compressing lines with Delrin® has also been used in experiments in the
literature [38]. The voltage output of the pulse generator and at the end of the lines was
measured using a Tektronix® DPO7354 3.5 GHz oscilloscope. Figure shows a rendering
and photograph of the experimental setup.

The injected voltage pulse is shown in Figure |[3.29, The parameters of the pulse were
chosen to give the shortest possible rise time and a pulse shape similar to that of a fast pulser
or shock line. The rise time of the pulse, defined as the time taken for the pulse to reach

from 10 % to 90% of its maximum value, is 2.7 ns. The duration of the pulse, defined to
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Figure 3.28: 3D rendering of transmission line assembly (top) and photograph of experimen-
tal setup (bottom).

be its full-width half-maximum, is 5.71 ns. These pulse parameters are near the limit of the
pulse generator’s speed. In order to minimize the rise time, the amplitude of the pulse was
actually set to 5 V (in TTL mode), though the pulse length was set to be very short, such
that the magnitude of the output only reached the 400 mV shown in Figure before
the pulse was turned off. This was found to slightly increase the voltage slew rate of the

generator (and correspondingly reduce the rise time of the pulse). However, because of this
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Pulse Generator Signal and Simulated Voltage Output
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Figure 3.29: Voltage output measured from pulse generator with the simulated voltage

output.

method, the pulse height is significantly impacted by the 50 ps jitter of the generator [74],

resulting in a variation of output on the order of 10-20 mV pulse-to-pulse and some pulse

shape distortion.

The magnitude of the output pulse is also impacted by the impedance matching of the
system. The output impedance of the pulse generator is 50 €2, while the impedance of the
transmission line (given by Equation is 1.23 2, resulting in a transmitted pulse of only
4.79% of the injected voltage according to Equation [2.5] This is acceptable, as the primary
goal of this experiment was designed to examine pulse shape rather than efficiently power
the lines.

The output of the transmission line, superimposed with the simulated output, is shown in

Figure|3.30] As the excitation signal was measured (and imported to the simulation software)
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Measured and Simulated Voltage Output for Single Line
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Figure 3.30: Simulated and measured voltage output for the single transmission line ex-
periment. The simulated output has been scaled by the transmsission coefficient of the
transmission line.

prior to the line, the simulated voltage output was scaled by the transmission coefficient of
0.0479. The magnitudes measured and scaled simulated pulses show good agreement with
the simulated value within 5% of the measured value. The differences in the shapes may
be attributed to the aforementioned output variation of the pulse generator or imperfect

coupling between the lines (Figure [3.31)).
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Figure 3.31: Magnified image of the edge of the experimental transmission lines. Note the
imperfect coupling between the left and center line.
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Chapter 4

Characterization of Stacked

Transmission Lines

4.1 Introduction

Having described and characterized the behavior of individual lines, we may assess their
behavior in a stacked configuration conducive to use in an accelerator, since in order to
create an accelerating pulse that spatially includes the entire particle bunch along the beam
axis, it will be necessary to fire several transmission lines at once. A number of stacks with
varying dimensions and excitation parameters have been simulated, and selected results are
shown below. In order to fully understand the impact of neighboring transmission lines, the
firing of an individual line immediately surrounded by other lines is compared both to a single
line with no neighboring lines and the simultaneous firing of a stack of several transmission
lines.

The influence of stacked lines on each other is of particular importance due to the ob-
served parasitic effect between the lines. This parasitic effect has been found to be one of the
limitations of efficiency of the stacked transmission line geometry in the dielectric wall accel-

erator [6]. This effect, illustrated in Figure occurs due to the inductive fields generated
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between the lines and will be investigated in the following chapter.
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Figure 4.1: Schematic illustrating the parasitic induced currents in stacked transmission
lines. Figure from Caporaso, 2009 [6].
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4.2 Stacked Simulation Methods

The impact of neighboring transmission lines on the behavior of a single line is assessed by
simulating a stack of transmission lines where only a single line is fired. The impact on
the pulse properties may then be compared to the behavior of a bare line. The geometry
of each line is the same as the benchmark geometry described in Section such that
the individual lines are 40 cm by 10 ¢cm, with 1 mm thick insulator layers. A stack of five
identical lines was constructed such that the bottom layer of one line is the top layer of the
subsequent line (Figure . This stack of lines was excited at 10 kV via an edge excitation

port with a 0.5 ns rise time smooth step function under the following conditions:
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Case 1 All five lines contain edge ports and are simultaneously fired.
Case 2 All five lines contain edge ports and are individually fired.

Case 3 Only the center line contains an edge port (as the ports themselves act as wires

when not excited).

Case 4 Only the center line is present, acting as a single line surrounded by vacuum.

]

z

Figure 4.2: Switching side of the geometry used in stacked transmission line simulations,
with ports on each of the five transmission lines.

Additionally, single and matched stacks of 50 transmission lines (giving a total height
of 11.01 cm) was simulated. Each line simultaneously received a 10 kV injected voltage, as
above, with voltage monitors at the end of each line. To analyze the pure behavior of the

stacked lines, the beam pipe was omitted.

4.3 Stacked Simulation Results and Discussion

4.3.1 Five Line Stack

Images of the gradients generated by the stacked lines in a 2D X-Z cutplane at the midline of
the transmission lines in Cases 1, 2, and 3 are shown in Figures[4.4] and [4.6], respectively
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Figure 4.3: Geometry of the 50 line matched stack, where the blue line indicates the beam
axis.

- note that the scaling differs between Figure [4.4] and Figures [4.5] and as the gradients
are much higher when the lines are simultaneously fired. Each image was taken at the same
time step in their respective simulations - 7 ns from the start of the simulation and during

the top of the flat top of the pulse.

Parasitics

Examining Figures (Case 2) and (Case 3), we see the impact of firing of a single line
on neighboring lines. In both Cases, fields are induced in neighboring lines; the difference is
that in the Case where each line possesses a port, the field strengths in the Z direction are
alternating between positive and negative, but while when they are not connected by ports,
the fields within neighboring lines are all in the negative Z direction within each adjacent
line, with the magnitude of the field decreasing in layers further from the triggered line. This
is due to the ports being considered wires when not receiving an excitation input - while in
practice each line would contain a voltage port, it is interesting to observe the propagation
of these parasitic fields in their absence. In both cases, the maximum induced field strength

within the non-firing lines is approximately 500 kV/m; in comparison, the maximum field
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Figure 4.4: Accelerating gradient (Z component of the electric field) in the XZ cutplane
produced by firing all 5 lines simultaneously (Case 1).
within the triggered line is 54 MV /m.

The impact of these induced fields may be inspected by defining a voltage monitor at the
end of each line. Figure [4.7 shows the voltage output generated in neighboring lines when
the bottom line alone is fired. While these voltages are small relative to the output voltage
of a given line, similar voltages are produced by each triggered line in its neighbors. When
simultaneously fired, it is the sum of these parasitic induced voltages that draws down the
voltage output. Figure shows the voltage output of each line when simultaneously fired
along with the voltage output of a bare line. In this Case, the voltages in each line of the
stack are very similar, and in all Cases about 5% smaller than those of the bare line. A more

dramatic change in voltage output with position in the stack will be found in the Section
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B

Figure 4.5: Accelerating gradient/Z-component of the electric field produced by firing the
central line while the other lines are connected by ports (Case 2).

[4.3.2] within the discussion of the 50 line stack.

Axial Fields

When considering the cutplane image of the gradients in the simultaneously fired stack in
Figure[4.4] it appears that the propagation of the fields from the stacked, simultaneous firing
of the lines is quite similar to that of a single line. Indeed, the axial gradient 1 cm from the
end of the stack (Figure possesses a shape similar to that of a single transmission line.
Due to superposition, the gradient of the stack of five simultaneously fired lines is the sum
of each line fired individually. An additional observed effect is the summing of the negative

tails of the axial gradient. While individual lines each reach -25 kV/m to -35 kV/m, the



63

Figure 4.6: Accelerating gradient/Z-component of the electric field produced by firing the
central line while the other lines are not connected by ports (Case 3).
negative region of the simultaneously fired stack reaches -150 kV/m.

Looking more closely at the fields produced by each fired line (Figure, an interesting
effect appears. The center line (N = 3), despite being subjected to the largest parasitic
voltage drop, also produces the highest gradient of the lines. This appears to be due to the
induced voltages in neighboring lines causing the fields to propagate in a direction outward
from the line, which can be qualitatively observed in Figure Thus, the effect of parasitics
on the ultimate accelerating gradient produced is more complex than just the reduced voltage
output of the line; the directionality of the field propagation helps offset the parasitic voltages.

Another effect observed in Figure is the difference in gradient produced by the top
(N = 1) and bottom (N = 5) lines. This asymmetry comes from the location of the voltage

injection ports, as the voltage in these simulations is being injected between the top and
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Induced Voltages in Neighboring Transmission Lines
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Figure 4.7: Voltages induced at ends of neighboring lines from the firing of a single trans-
mission line while neighboring ports are present (Case 2), with the distance D defined as the
number of lines away from the fired line.

central layers of the transmission line. As such, the proximity of the voltage-injection side
of the bottom line results in a slightly higher contribution to the gradient.

A comparison of the gradients produced by the center line in the five line stack (with and
without ports connected to adjacent lines) and single line surrounded by vacuum is shown
in Figure [£.11] Looking at the curves for the center fired line with and without ports, the
ultimate difference in gradient produced is small, even with the significant differences in
the adjacent induced fields apparent in Figures and However, when considering the
comparison between the center fired line and the single, unstacked line, the center fired line
produces a gradient 37% higher than that of the bare line, despite the 5% drop in voltage

output of the stacked line.
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Voltage Outputs for 5 Line Stack and Bare Line
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Figure 4.8: Voltage outputs for each of the five stacked transmission lines along with that of
a bare line residing in vacuum.

4.3.2 50 Line Stack Results

An image of the gradients produced by the matched, 11 cm, 50 line stack is shown in Figure
412 A large, relatively flat region of high gradient is found between the lines, with the
fields “bowing” in from the top and bottom. Each line was injected with a 0.5 ns rise time
smooth step voltage injection, described previously, for a total of 100 ports. The stacks are

spaced 5 cm apart, and no beam pipe is used in order to examine their idealized behavior.

Parasitics

To analyze the parasitic effects in the larger stack size geometry, a single stack of 50 lines
was simulated. Each line contained a smooth step voltage port and a voltage monitor at the
terminus of each line. Figure [4.13|shows the output of selected voltage monitors throughout

the stack, along with the voltage output of a bare line.
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Axial Gradients 1 cm from End of Line Stack: Simultaneous Firing
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Figure 4.9: Axial gradient produced by the simultaneous firing of stacked transmission lines
(Case 1), which equals the sum of the individually fired lines also shown.

The 50 line geometry exhibits a markedly more pronounced parasitic effect than the
previously considered five line stack. The reduction in voltage output ranges from 16%
for the top line to 30% in the center line, where the parasitic effect is maximized - for
comparison, the reduction in the five line case was 5%. For this particular line geometry, the
effect plateaus after about 15 lines (or 3 cm), and the voltage reduction stays fairly constant
for the center lines. This indicates that beyond a certain stack height, there is no additional
parasitic loss, though more lines will be operating at the maximum parasitic loss. These
parasitic losses, however, are again offset by the field directionality gain discussed in Section
[4.3.1] Finally, the pulse duration of the stacked geometry is about 50 ps shorter than that
of the single line, indicating that the parasitic effect has an additional effect of causing the

lines to discharge slightly faster.
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Axial Gradients 1 cm from End of Line Stack from Individual Lines

Axial Gradients 1 cm from End of Line Stack: Individual Lines
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Figure 4.10: Axial gradients produced by each of the individually fired transmission lines
(Case 2) 1 cm from the end of the stack of five transmission lines.

Axial Fields

The following analysis of axial fields utilizes the matched 50 line stack geometry with the
stacks separated by 5 cm. Figure shows each component of the electric field generated
at the central axis of the geometry (2.5 cm from the end of each line stack) at t = 7 ns
from the start of the simulation. As expected, the X and Y components are negligible at the
central axis. The gradient produced has a much flatter top than that of a single line or small
stack, with the gradient reaching 7 MeV/m. The edges of the axial gradient are significantly
lower than that of the center, with the gradient corresponding to the top and bottom of
the stack reaching only 25% of the peak gradient. This is alleviated somewhat by moving
the stacks closer together, which is done for the particle simulations in Chapter [5. Finally,

the axial parasitic field gradient becomes negative just 5 mm from the top and bottom of
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Single Line Comparison: Stacked and Unstacked
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Figure 4.11: Comparison of axial gradients produced by a transmission line fired within a
stack of five (Line 3), and surrounded by vacuum with no adjacent lines.

the stack, with fields reaching -2 MeV /m at the nadir, again emphasizing the importance of
precise timing of the sequential firing of lines.

The X component of the axial fields offset at various distances from the central axis in
the X direction is shown in Figure [£.15] exhibiting a broader, amplified version of the effects
first described in Section Within the extent of the stack, the X components of the
field are relatively small, with peaks near the top and bottom of the stack. The direction of
the X component of the fields again alternates, centered around the midpoint of the stack.
While the fields at the larger offsets are several MV /m, the actual radius of a proton beam
for radiotherapy will be approximately 3 mm, as described in Section [2.1.4] and likely only
experience X gradients of under 1 MV /m in either direction. The impact of these lateral
and transverse fields on a proton bunch will be further detailed in Sections and [5.5]

Figure shows the Y component of the axial fields offset in the Y direction. There
is again a broadening of the axial fields relative to the single line case, with the magnitude

of the gradients changing linearly across the height of the stack. The amplitude of these
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Figure 4.12: Accelerating gradient generated by a stack of 50 matched transmission lines in
the XZ-cutplane.
effects is much smaller than the X case, at hundreds of kV/m. As above, the direction of the
field alternates about the midpoint of the stack such that a particle would experience both
positive and negative acceleration in this direction as it traverses the height of the stack.
Figure shows the accelerating gradient at various offsets in the X direction. This
behavior is of interest due to the significant variation in field strengths between a single pair
of matched lines described in Section[3.2.3, However, in the stacked geometry, the magnitude
of the gradient is relatively constant at various points between the lines, with a difference in
field strength of only 2% between the center and 1 c¢m off axis and less than 1% when 0.5

cm off axis. Figure 4.18| shows the magnitude of the accelerating gradient across the region
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Voltage Output at Line Termini - 50 Line Stack
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Figure 4.13: Voltage outputs for various lines within a stack of 50 transmission lines, where
N is the position of the line within the stack, along with the voltage output of an identical
transmission line in vacuum.

between the stacks at various heights within the stack. The field is largest at the center of

the stack and, as expected, significantly smaller at the top and bottom of the stack.

4.4 Stacked Simulation Conclusions

By simulating stacks of transmission lines, we can better understand the effect stacked lines
have on each other. We have described and quantified the parasitic effect of stacking the
lines - its effect on line efficiency was found to plateau beyond a certain stack size. The
directionality of the field propagation when the lines are stacked was found to partially
offset the parasitic voltages by increasing the axial accelerating gradient away from the line
stack. The non-accelerating components of the axial fields were investigated and quantified

for a particular stacked geometry, and their qualitative behavior may be generalized across



71

Electric Field Along Beam Axis: 50 Stacked Transmission Lines
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Figure 4.14: X, Y, and Z components of the electric field generated by a stack of 50 trans-
mission lines (11 ¢cm) during a pulse.

other geometries. The variation in accelerating gradient across a pair of matched lines was
found to be alleviated by simultaneously firing a sufficiently large stack. This study informs
the design of multi-stack systems suitable for particle acceleration, and the ultimate impact

of these factors on an ion bunch will be described in Chapter [o]
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X Component of Axial Fields Offset from X axis - 50 Line Stack
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Figure 4.15: X component of the electric field generated by a stack of 50 transmission lines

at various offsets in the X direction.

Y Component of Fields Offset from Y axis - 50 Line Stack

8e+0035

OHOS L o
£
> 4e+005“"""""'§ """""" R R p e o P P
£
oD 2e+005 q----oeeeedeeeeeeen R et R PP i i e sutees Lo L b
= : : : : : ! ! : : '
Fod : : 1 : : - ; a : :
7 (I S T ——
= 5 | | | | | | | |
.9 5 i i = i i i ‘ ’ i
% '26+005""""""‘g """""" AT A DY S 05 em [T
5 deroos| " A [TV 10em)
= 0 Y lS5em|

L6003 - iy = e [

-8e+005

0 20 40 60 80 100 120 140 160 180 210
Length (mm)

Figure 4.16: Y component of the electric field generated by a stack of 50 transmission lines
at various offsets in the Y direction.
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7 Component of Axial Fields Offset from X axis - 50 Line Stack
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Figure 4.17: Z component of the electric field (accelerating gradient) generated by a stack
of 50 transmission lines at various offsets in the X direction.
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Figure 4.18: Z component of the electric field (accelerating gradient) generated by a stack
of 50 transmission lines along curves in the X-direction, between the stacks of lines.
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Chapter 5

Particle Tracking Simulations

5.1 Introduction

Having characterized the behavior of individual transmission lines in Chapter [3] as well as
stacks of lines in Chapter 4}, we can incorporate that knowledge into the tracking of particles.
This can be done by first investigating the acceleration of the particles by a single trans-
mission line stack, followed by acceleration of a series of stacks in a short scale accelerator
configuration. Both the closing switch and pulsed voltage excitations will be considered,
with the goal of determining the energy gained per unit length for each configuration, as
well as the other spatiotemporal properties of the ion bunch. These results will help inform
future iterations and improvements of the device, such as the geometry variations described

in Chapter [6]

5.2 Single Stage Acceleration - Smooth Step

5.2.1 Geometry

A single stage accelerator consisting of five stacked, matched transmission lines separated by

a distance of 2 cm was modeled and simulated. The insulator and conductor thicknesses of
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each line were defined to be 1 mm and 0.1 mm, respectively, while the line width was defined
to be 10 cm and the line length to be 40 cm. In this particular geometry, the conducting
layer between each line was twice as thick (at 0.2 mm) to represent a simple stacking of
discrete lines rather than the bottom conductor of each line also acting as the top conductor
of the next. The conductor itself was an idealized perfect electrical conductor (PEC), while
generic insulating material with a dielectric constant of 10 was used between the conductors.
A non-HGI dielectric beam pipe was defined, extending 7 cm above and below the line stack,
and possessing a thickness of 2 mm, dielectric constant of 10, and an outer radius of 2 cm
(abutted against the end of the lines). A smooth step excitation with a 0.5 ns rise time was

used to inject a voltage of 20 kV at the end of each of the 10 total lines.

— Proton _—
~ Source —

e

Figure 5.1: Single stage acceleration geometry, using a smooth step excitation and pure
dielectric beam pipe.

5.2.2 Particle Source Definition

distance

offset

: cut of]
I p— ]

Figure 5.2: Parameters of Gaussian particle source. Image modified from CST, Inc., 2014.
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Protons were emitted from a circular area with a 3 mm radius located at one end of the
beam pipe. A Gaussian emission model was chosen, with available pulse parameters shown
in Figure [5.2l The properties of the pulse used for this simulation are shown in Table [5.1]
The kinetic and angular spread were chosen to be zero in order to isolate the effects of the
acceleration on the particle bunch. The initial energy was chosen to be 2 MeV to match the
output of the proton RFQ described in Section [2.1.4] as well as the charge and temporal
properties. The time offset was varied to look at the impact of relative timings of the particle

bunch and gradient pulse, further described in Section [5.2.4]

Table 5.1: Particle injection properties for proton acceleration simulations.

Property Value Unit
Initial energy 2 MeV
Charge 30 pC
Cutoff length 0.15 ns
Time offset 0.15 + (2.7 to 4.8) ns
FWHM 75 ps
Kinetic and angular spread 0 %

5.2.3 Phase Space Analysis

Figure [5.3] shows a phase space plot of the particle bunch post-acceleration in which the
abscissa is position along Z (the beam axis), the ordinate is energy, and each point is a
proton; in essence, a snapshot of the particle bunch in time. In this way, the energy and
spatial distribution of the particles are intuitively visualized. In this example, 9.5 ns after
the start of the simulation, the proton bunch has a spatial extent of 6 mm and an energy
spread of 1.5 keV, and the trailing particles have a higher energy than the front of the pulse.

Several of these phase space plots may be combined on one set of axes to give concisely
visualize the behavior of the particles as they traverse the accelerator. Figure shows
such a collected phase space plot for the single stage geometry, with each subsequent colored

grouping representing the position-energy phase space at a moment in time, spaced by 0.4
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Z-Position vs Energy Phase Space
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Figure 5.3: Example Z-position vs. energy phase space plot of 88,776 protons. The image
represents a snapshot in time of the particle bunch, with each point being a particle; the
line-like structure of the particles is due to the finite emission points from the circular source.

ns. The line stack in this geometry extends from 0 to 11.5 mm. Several observations may
be made from this plot. The peak energy reached by this stage is 2.103 MeV, an energy
gain of 103 keV. By looking at the average energy of temporally adjacent phase space plots,
we find that the bunch gains 5.06 MeV /m at peak acceleration in this geometry. When the
total average energy gain is compared to the accelerator stack height, an energy gain of 8.96
MeV per meter of transmission line height is found. The output pulse of the transmission
line stack begins before the particles arrive (to allow the gradient to reach its maximum
value before the bunch arrives), causing the particles to lose energy before passing through
the region of stacked lines due to the decelerating parasitic axial fields described in previous
chapters. Just prior to the midpoint of the acceleration found temporally at t = 8 ns and
spatially at Z = 5.75 mm, the particles at the front of the pulse receive more energy than

those that are trailing; after the midpoint of the accelerator, the trailing particles receive
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more energy relative to those at the front, and after about 30 mm, begin to have higher

energies than the particles that are spatially ahead of them.

Collected Z vs E Phase Spaces for 3.8 ns Offset
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Figure 5.4: Collected Z-position vs. energy phase space of single stage acceleration. Each

like-colored grouping represents an individual snapshot in time of the particle bunch, with
each succesive step separated by 0.4 ns.

5.2.4 Timing Optimization

The arrival time of the particle bunch relative to the rise in accelerating gradient within the
beam pipe has a large impact on the post-accelerator phase space of the ions. Determining
the optimal arrival time to maximize energy gain is a difficult problem, particularly for more
complex pulse shapes. An approach taken here is to parametrically sweep the particle offset

time across a range of values in order to maximize the energy gain, in this case from 2.7
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ns to 4.8 ns. The collected phase spaces shown in Figure [5.5 show the results of such a
timing optimization. A timing offset of 4.3 ns was found to import the most energy to the
particles, resulting in a 7.8% energy gain over the initial value of 2.7 ns. Prior to entering the
accelerator region, the optimized version is seen to actually decelerate particles due to the
axial parasitic fields, indicating that the most efficient acceleration occurs when the pulse

starts to rise well before the particle bunch arrives.
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Figure 5.5: Collected phase spaces generated while optimizing arrival time, with each suc-

cessive color grouping representing the particle bunch at a moment in time, separated by 0.4
ns.
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5.3 Multiple Stage Acceleration - Smooth Step

5.3.1 PIXE Accelerator: Geometry and Excitation

Examining the applications of the DWA to fields other than radiotherapy, we have modeled
a compact multi-stage geometry based on the closing switch/smooth step voltage injection.
The insulators and beam pipe were defined to have a dielectric constant of 3.4, similar to
polyimide, while the conductors were set to PEC. The insulator thicknesses were set to 0.93
mm and the PEC thickness to 0.7 mm. The matched stacks each consisted of 150 lines, for
a total DWA height of 30 cm (Figure . Each line was excited by a 0.5 ns smooth step
signal of 20 kV. Rather than use the 2 MeV RFQ injection used in the previous simulation,

a compact low-energy injector was designed, which is described in the following section.

<~Finzel Lens Injector

b A

Stacked transmission lines

Figure 5.6: Model of a 30 cm accelerator capable of accelerating particles to energies suitable
for PIXE.

5.3.2 Injector

The output of the proton source was defined to be similar to that of a laser ablated Titanium

Hydride (TiH) source, capable of producing 20 to 250 nC of charge depending on laser power
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and initial accelerating voltage [76]. This output is sufficient to provide the beam currents
necessary for PIXE analysis (<5 nA) [68]. Initial acceleration is performed by a -80 kV bias
on the source followed by a simple 3 element Einzel lens configuration. The electrostatic
potentials of the injector as well as the collected phase spaces of this portion of the model

are shown in Figure [5.7]

5.3.3 Phase Space Analysis

The collected phase spaces of the accelerator as a whole are shown in Figure[5.8 The average
energy of the proton bunch following acceleration is 2.3 MeV, for an effective gradient of 7.6
MeV /m. There is significant spreading in terms of energy (up to 30% in either direction) and
distance (up to 3 c¢cm) of the particle bunch throughout the accelerator. Large differences
in energy are created when the low energy particles first reach the high gradients of the
accelerator. Due to sub-optimal focusing of the injector, 58% of the injected protons collide

with the beam pipe (Figure |5.9).

5.3.4 Drawbacks and Future Work

A number of drawbacks exist with this system as described. The particle bunch generated by
the Einzel lens injector is not well bunched; a more sophisticated model based on existing 80
keV proton injectors could be used to improve the output phase space of the ion source [77].
Due to the sub-optimal particle bunch, switch timing optimization is difficult without losing
a significant portion of the pulse, and the system falls short of the goal energy of 3 MeV. The
initial design goal was to use off-the-shelf parts; unfortunately, conventional switches cannot
operate at the 20 kV, 0.5 ns rise time regime as described. Optical switches of this type
are not readily available and, in any case, the laser triggering system is outside the scope
of this system in terms of desired size and budget. As such, further design improvements
to this structure have not been performed. However, a potentially more viable option for

this application is pulser voltage input. Short scale accelerators designed around using a
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Collected Z Position vs Energy Phase Spaces: PIXE Einzel Lens Injector
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Figure 5.7: (Top) Electrostatic potentials of Einzel lens proton injector. (Bottom) Collected
position vs. energy phase spaces of proton injector.
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Collected Z Position vs Energy Phase Spaces: PIXE Accelerator
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Figure 5.8: Collected position vs. energy phase spaces for the PIXE accelerator.

Number of Uncollided Protons vs. Time: PIXE Accelerator
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Figure 5.9: Number of protons vs. time for the PIXE acceleration - the loss of protons is

due to collisions with the wall, while the sudden drop at the end corresponds to the protons
exiting the end of the accelerator.
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pulser-based voltage injection are investigated in the following sections.

5.4 Single Stage Pulser Acceleration

5.4.1 Geometry and Excitation

In order to inspect the feasibility of using a short pulsed voltage excitation, a five line accel-
eration stage was simulated. The line geometry and materials (copper and lossy polyimide)
are the same as the benchmark line described in Chapter |3 giving a stack height of 1.11
cm. The spacing between the lines was 2 cm. The beam pipe consisted of HGI material,
as described in Section and extended 1.2 cm above and below the stack of lines. The
outer radius of the beam pipe was 1.8 cm, and the thickness was 2.5 mm. The voltage was
injected with a 200 ps rise time, 1 ns hold time, and 1.5 ns fall time at amplitudes of 10
kV and 20 kV. This pulse, while much shorter than the smooth step excitation, is still wide
enough to capture the entire 300 ps particle bunch. The excitation signal and voltage output
of a line receiving this voltage is shown in Figure [5.10] Due to the limited duration of the

pulsed voltage injection, note that the output is not quite double the input.

5.4.2 Phase Space Analysis

Figures and show the collected position vs. energy phase spaces of the 10 kV and
20 kV pulsed voltage injections, respectively. The energy gained in the 10 kV case was 46.3
keV, while that of the 20 kV pulser was 92.5 keV. Dividing these values over the length of
the accelerating stack (1.11 cm), the gradients achieved per length of accelerator stack were
4.17 MeV/m and 8.33 MeV /m, respectively. This value is comparable with the gradients
achieved in the smooth step case in Section . The total energy spread (including the
2 MeV injection voltage) in both cases remained less than a percent, though the spread in
energy gain was 4.8% for the 10 kV case and 4.0% for the 20 kV case.

In order to investigate the radial defocusing of the particle bunch, an additional type
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Single Stage Pulser Based Excitation and Voltage Output
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Figure 5.10: Excitation voltage signal used for the pulsed acceleration simulations, along
with the voltage output of the line excited by said voltage.

of phase space plot may also be considered. By examining the particle velocities in the
transverse (X and Y) directions versus position along the Z axis, we can investigate the
impact of the off-axis fields on the spreading of the beam. Figure |5.13|shows the X velocity
of the particle bunch with respect to position within the accelerator, and several observations
may be made from the plot. The transverse velocities are initially all zero, due to the partially
idealized particle source. Prior to the center of the transmission line stack, the particles gain
some velocity in the X direction, while after the center of the stack (at Z = 5 mm) each
particle gains velocity in the opposite direction. This reversal in velocity is due to the
alternating polarity of the axial fields away from the central axis found in Section [4.3.2] The
maximum magnitudes of these velocities are relatively small (at roughly 0.02 mm/ns), which

would result in a spreading of 1 mm after 50 ns.
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Collected Z vs E Phase Spaces: Single Stage 10 kV Pulser
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Figure 5.11: Collected Z-position vs. energy phase spaces of a single stage, 10 kV pulser
based acceleration. Each like-colored bunch is separated by 0.25 ns.

Figure shows a similar velocity versus position phase space plot for the Y component
of the particle velocities. Immediately apparent is the similarity to the corresponding plot of
the X component of the velocity, indicating a symmetry of the X and Y components of the
fields. This symmetry can be observed by looking at the axial fields at distances away from
the central axis in both X and Y. Figure [5.15 shows the X and Y components of the fields
along a curve offset from the central axis by £+ 2.1 cm in both X and Y, for a total distance
of 3 cm from the central axis. The fields are seen to be identical, except for the region above
and below the beam pipe. Figure [5.16| shows these same fields along axes offset by 2.1 cm
in positive X and negative Y as well as negative X and positive Y. The X component of

each curve in Figure |5.16|is equal to the Y component of the opposite offset. This indicates
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Collected Z vs E Phase Spaces: Single Stage 20 kV Pulser
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Figure 5.12: Collected Z-position vs. energy phase spaces of a single stage, 20 kV pulser
based acceleration. Each like-colored bunch is separated by 0.25 ns.

a cylindrical symmetry of the transverse fields within the accelerator. This symmetry is
induced by the propagation of fields around the layered conductors and insulators of the

HGI geometry, as first seen in Figure [3.23]

5.5 Multiple Stage Pulser Acceleration

5.5.1 Geometry and Excitation

Having demonstrated the efficacy of accelerating protons with a pulsed voltage input into a
transmission line stack, we can now scale up the geometry to several sequentially fired stacks
fired in synchrony with the proton pulse. A set of five stacks of ten transmission lines, each
stack separated by 1 mm, thus giving a total height of 11.45 cm, was excited by a 10 kV

voltage pulse as defined in Section [5.4.1L The voltage injection of each stack was offset by
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X Velocity vs Z Position Phase Space: Single Stage Pulser Acceleration, 0.25 ns Spacing
0.02 . . . : . . ; .

0.015

0.01

0.005

-0.005

Velocity [x] (mm/ns)
o

0.011 . —

0,015 . -

20.02 i = g
-15 -10 5 0 5 10 15 20 25 30

Position [Z] (mm)

Figure 5.13: Collected Z-position vs X-Velocity phase spaces of a single stage pulser based
acceleration. Each like-colored bunch is separated by 0.25 ns.
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Figure 5.14: Collected Z-position vs Y-Velocity phase spaces of a single stage pulser based
acceleration. Each like-colored bunch is separated by 0.25 ns.
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Figure 5.15: (Top) Axial fields along a curve 3 cm from the central axis in the positive X
and positive Y directions. (Bottom) Axial fields along a curve 3 cm from the central axis
in the negative X and negative Y directions. Note that the X and Y components overlap
except for the top and bottom regions of the curve, outside of the beam pipe.
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Figure 5.16: (Top) Axial fields along a curve 3 cm from the central axis in the negative X
and positive Y directions. (Bottom) Axial fields along a curve 3 cm from the central axis in
the positive X and negative Y directions. Note that the X component of one equals the Y
component of the other.
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1.2 ns per stage to correspond with the velocity of the initial energy of the protons. The

proton source was defined with the same parameters as in Section [5.2.2]

Figure 5.17: Geometry of a five stage accelerator geometry.

5.5.2 Electric Field and Phase Space Analysis

Figure [5.19| shows the Z-component of the electric field at successive time points in the
simulation. Note that the reflected pulse may be seen in the first line while the final line is
firing. The peak field strength in each case is approximately 7 MeV /m. The collected phase
spaces of the acceleration may be seen in Figure|5.18, The protons gain 540 keV over the 11.45
cm accelerator length, giving an energy gain of 4.72 MeV /m, comparable to the gains found
in the smooth step case. The relatively constant slope of energy over position throughout the
length of the accelerator indicates that the particles receive a relatively constant acceleration.
Spatially, the particles are compressed from 6 mm to 5 mm, indicating that some degree of

bunching is occurring.
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Collected Z vs E Phase Spaces: Multi-stage Pulser Acceleration
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Figure 5.18: Collected Z-position vs. energy phase spaces of a multi-stage, pulser based
acceleration. Each like-colored bunch is separated by 0.25 ns.
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Figure 5.19: Accelerating gradients generated by each stage of the multi-stage pulsed accel-
erator.
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5.5.3 50 kV Excitation with Modified Geometry

While the simulation geometry described in Section [5.5.1] demonstrated successful acceler-
ation of particles, the gradient was rather limited. To increase this gradient, a simulation
was performed with a 50 keV injection voltage. In addition to this change, the gap between
the lines was reduced to 1.5 ¢m, and both the inner and outer radius of the beam pipe
were reduced to 4.5 mm and 6.5 mm, respectively. The timing schedule remained the same
as the previous case; this ultimately proves deleterious to the pulse, as can be seen in the
position/energy phase space plot in Figure In the later stages of the accelerator (after
about 70 mm), it can be seen that the pulse shape becomes distorted, and the energy gain
per unit length is reduced. This indicates that the protons have gained enough energy that

the EM pulses from the transmission lines are being transmitted to the beam pipe.

Collected Z vs E Phase Spaces: 50 kV Modified Multi-stage Pulser Acceleration
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Figure 5.20: Collected Z-position vs. energy phase spaces of a multi-stage, 50 kV pulser
based acceleration. Each like-colored bunch is separated by 0.25 ns.

To further investigate this effect, we can look at the power transmitted as a function of
time to the entire particle bunch. Figure shows this wave-particle power transfer as

a function of time for both the 10 kV and modified 50 kV pulser accelerators. Each peak
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Wave-Particle Power Transfer: Multi-stage Pulsers
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Figure 5.21: The net power transmitted as a function of time to the particle bunch for the
10 kV and modified 50 kV pulser accelerators.

corresponds to the arrival time of the EM pulse to the beam pipe, but due to the long tails
of the axial fields produced by each stack, the transmitted power remains within about 25%
of the peak value throughout the length of the beam pipe. However, in the 50 kV pulser
case, the final stage is fired too late due to the energy gain of the particles, and the axial
parasitic fields actually cause a net energy loss in the period from 8.1 to 8.6 ns. As such,
the switching schedule of the DWA must be customized to the average gradient of a given
geometry and excitation. Despite the late timing of the final stage of the 50 kV accelerator,

the energy gained per accelerator length in this configuration was 21.7 MeV /m.

5.6 Carbon Ion Acceleration

The DWA architecture may also be used to accelerate ions heavier than protons. The
main difference in operation is the timing of the device; heavier ions will travel slower than

a lighter one at a given energy for sub-relativistic velocities. Accelerated heavy ions are
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typically multiply charged, and the total energy imparted to an ion is proportional to this
charge. The energy gain of an ion when exposed to an electric field is governed by the mass
to charge ratio of that ion. To demonstrate the acceleration of heavier ions, a simulation
was performed utilizing the 50 kV pulser geometry and an injection of carbon ions with a
charge of 46 (giving a mass/charge ration of 0.5). In this simulation, the carbon ions gained

an average of 930 keV in the 1 cm acceleration, resulting in an averaged energy gain of 7.75
MeV
amu-m’
Collected Z Position vs. Energy Phase Spaces for Carbon Ion Acceleration
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Figure 5.22: Collected phase spaces of carbon ions accelerated with a 50 kV pulser excitation.
Each like-colored bunch is separated by 0.25 ns.

5.7 Conclusion and Future Work

A variety of short scale accelerator models have been simulated and analyzed. Two trigger-
ing modalities - closing switch and pulsed voltage injection - were investigated and utilized
in simulation to accelerate particles at gradients up to 21.7 MeV/m. Plots of the collective

phase space of a given accelerator geometry were shown to be useful tools for analyzing the
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performance of an accelerator structure, and when used in conjunction with a parametric
study of injection and timing parameters, may be used to quickly optimize the switching
schedule of a DWA. Having demonstrated the efficacy of a short voltage pulse excitation for
accelerating particles injected at 2 MeV, this method could be coupled to a low energy ion
source to reduce the dependence on a bulky RFQ, which would be useful in ultra-compact
applications. When utilizing a beam pipe composed of HGI, a cylindrical symmetry in the
off-axis transverse fields was found. The feasibility of accelerating heavy ions was demon-
strated by simulating a single stage acceleration of carbon ions. As these traditional stacked
transmission line geometries fall short of the target gradient of 100 MeV/m for radiother-

apy applications, variations of the basic transmission line geometry will be investigated and

described in Chapter [6]
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Chapter 6

Variations of Transmission Line

Geometry

6.1 Transmission Line Variants

6.1.1 Blumlein

A typical Blumlein is very similar to a standard transmission line, with the addition of an
electrical connection at the end of the line away from the beam pipe between the top and
bottom conductive plates (Figure . The center conductor is initially charged relative
to the connected top and bottom switches, and a closing switch between the central and
outer conductors generates a traveling electromagnetic wave which creates the accelerating
gradient when it reaches the open end of the line. The connection between the upper and
lower lines generates a reflection within the line which theoretically causes a doubling of
the gradient at the end of the line [78]. Additionally, this configuration eliminates the high
electric fields on the non-accelerating side of the line, though the lateral edges of the line

still experience the high fields and generate a parasitic coupling between the lines.
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Figure 6.1: A schematic representation of a Blumlein transmission line utilizing a closing
switch in the middle of the line.

Mid-fired Blumlein

A Blumlein transmission line utilizing analogous geometry to the benchmark transmission
line described in Section [3.1.1] was modeled to investigate the differences in the voltages
generated in the lines. The length of the extra region around the shorted end of the line was
5 mm (Figure . Voltage and electric field monitors were defined to compare with those
of a standard transmission line. A 0.5 ns smooth step/closing switch type signal of 10 kV
was used to excite the line at the midpoint of its 40 cm length.

The voltages generated by the mid-fired Blumlein configuration in comparison to the
benchmark transmission line are shown in Figure [6.3, The rising edge of the Blumlein pulse
occurs earlier than that of the transmission line due to the voltage input being physically
closer to the line terminus. The magnitude of the voltage as compared to the charging
voltage is nearly doubled, reaching a 18.3 kV peak height. As the fields are reflected within
the line, a negative pulse is generated after the transit time of the line. The peak height
of this reflected pulse is slightly higher, at 22.8 kV, though this voltage is only reached for
a short duration. By changing the polarity of the input voltage, this second peak could be
used to accelerate positively charged particles. In comparison, the average voltage output of
the transmission line is about 19.5 kV, with a peak height of 23.6 kV. The fields from the
open end of the line propagate towards the beam axis in a very similar manner as those in
the transmission line geometry. Thus, as expected, the accelerating gradient generated by

the Blumlein has a very similar shape to its voltage output, seen in Figure [6.4, The rapid
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Copper Layers Polyimide

Figure 6.2: The shorted end of the simulated Blumlein.

change from the positive to negative polarity of the voltage indicates that the Blumlein
configuration is more sensitive to timing issues when used to accelerate particles, as small
timing offsets would create a large difference in the energy imparted to the particles.
Figure [6.5] shows the absolute value of the electric field in the XZ cutplane during the
pulse at the shorted end of the Blumlein. The conductor that wraps around the end of
the line contains the fields which then reflect back up the line. This is in contrast to the
triggering end of the transmission line, from which large fields are generated. While the
transmission lines create a pulse better suited to particle acceleration, in applications where
the rest of the accelerator housing is susceptible to damage from high electric fields, the

Blumlein configuration could be useful.
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Voltage Outputs for Blumlein and Transmission Line Geometries
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Figure 6.3: Voltage outputs for the Blumlein and transmission line geometries.

6.1.2 Zero Integral Pulse (ZIP) Line

Another transmission line variant is the zero integral pulse (ZIP) line. This geometry consists
of additional layers of insulating material above and below the line, over which a conductive
layer is wrapped around (Figure . The additional layers create an impedance of half
that of the main transmission line segments of the geometry, with a thickness of half of the
central insulating layers in accordance with the linear dependence of impedance on thickness
shown in Equation 2.3] The purpose of these additional layers is to reduce the parasitic
coupling between stacks of lines by essentially closing the field lines as they wrap around the
lateral edges of the geometry [79]. The shorted end of the line also prevents the fields from
propagating from the non-beam end of the line, similar to the Blumlein geometry.

A ZIP line geometry comparable to the benchmark transmission line was modeled, utiliz-
ing copper and polyimide as conductor and insulator materials, respectively. The thickness

of the larger insulators was 1 mm to agree with existing simulations, while the thinner lines
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Accelerating Gradient 1 cm from Terminus of Line
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Figure 6.4: Accelerating gradients produced 1 cm from the end of the Blumlein and trans-
mission line geometries. As in the standard transmission line case, the gradient pulse shape
is seen to be very similar to the voltage output pulse shape.

were given a thickness of 0.5 mm. The thickness of all the copper layers was set to 0.1 mm.
The length of the line was 40 cm, with an additional length of 5 mm at the shorted end
of the line where the sub-lines meet. The ZIP line was excited with a 0.5 ns smooth step
excitation of 10 kV.

Figure shows the voltage output of the ZIP line compared to a standard transmission
line and Blumlein of analogous geometries. The polarity of the ZIP line output has been
flipped (instead, representing an excitation of -10 kV), as it is the negative secondary pulse
that exhibits the voltage doubling effect on the voltage input. The magnitude of voltage
output of the secondary pulse is roughly equivalent to that of a standard transmission line.
However, the total thickness of the line is larger than that of the other geometries, and the
dashed curve represents a pulse scaled down by 34.3% to account for the additional thickness

of the line, since the additional layers, shorted at the beam end of the line, do not contribute
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Figure 6.5: Absolute value of the electric field generated at the shorted end of the Blumlein.
Note that the fields are contained within the extent of the line.

to the gradient. This loss in gradient per unit length is ultimately comparable to the parasitic

losses (described in Chapter [4)) that the ZIP line geometry was designed to prevent.

6.1.3 Radial Transmission Line

Another embodiment of the DWA could utilize radial transmission lines rather than the the
rectangular plate type geometries described until now [80], 81]. Work has been published in
the literature on utilizing a radial transmission line geometry excited by several pulser-type
voltage inputs [8]. A model of one manifestation of a radial transmission line (used for later
simulations in this section) may be seen in Figure [6.§] The benefits of a radial transmission
line are that they do not exhibit the line-to-line stacked parasitic effect, as the geometry
does not have any lateral edges for the fields to wrap around. An additional benefit is
transverse field uniformity. Since the pulsers are located symmetrically around the beam

axis, transverse off-axis fields are mostly canceled out.
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Figure 6.6: A schematic representation of a zero integral pulse (ZIP) line (thickness and
length not to scale).

Radial transmission lines have very low impedance and may be constructed to be thicker
than the transmission lines previously described. A model of a 1.5 cm thick radial transmis-
sion line filled with an insulator of dielectric constant 2.33 was excited by 36 pulser inputs
evenly distributed along the outer edge of the line. The inner and outer radii of the line
were 1.5 cm and 31 cm, respectively. The pulser type excitation signal (Figure pOs-
sessed a rise time of 200 ps, hold time of 1 ns, fall time of 300 ps, and amplitude of 60 kV.
For comparison, a 1.33 cm stack of six matched transmission lines (12 total lines) utilizing
the benchmark geometry described in Section [3.1.1] was modeled and excited using identical
pulsed inputs on each line, for a total of 12 voltage ports. The lines were separated by 3 cm
to agree with the 3 cm diameter inner radius of the radial geometry.

The peak gradients produced at the center of the radial transmission line are shown
in Figure [6.10, The peak gradients produced are similar, despite the transmission line
stack using more than a factor of 3 fewer pulsers per unit length. The pulse width of the
transmission line case is much wider with a pulse width at 90% peak gradient of about a
nanosecond, versus a few hundred picoseconds for the pulser case. However, when stacked in
larger heights, parasitic effects will reduce the output somewhat, while the radial transmission

line is immune to these effects.
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Voltage Outputs for Zero Integral Pulse Line Geometry
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Figure 6.7: Voltage output for a ZIP line, along with those of standard transmission line
and Blumlein geometries. The outputs of the ZIP line have been flipped so that the larger
pulse is on the positive axis; the actual injection voltage would be -10 kV to produce this
pulse. The dashed curve represents the a scaling of the measured voltage output by 65.7%
to account for the added thickness of the line.

6.2 Methods of Pulse Shaping

One goal of geometry variation is shaping the temporal properties of the pulse. A temporal
pulse shape with a gradient that increases in time (Figure , in a ramp-like shape,
has certain beneficial properties. Since a particle bunch has a finite bunch size and energy
spread, lagging particles undergo a higher gradient than earlier particles as the pulse increases
in time. This may result in more efficient bunching and reduced energy spread. Various

methods of pulse shaping are presented below.

6.2.1 Multiple Time-staggered Transmission Lines

One method of pulse shaping is by abutting multiple transmission lines of different lengths

against the dielectric beam pipe. By choosing the triggering times appropriately, it is possible
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Figure 6.8: A schematic representation of a radial transmission line. The line is excited by
multiple ports around the edges of the line.
to create pulses with discrete regions corresponding to the arrival times - for example, a
stairstep shaped pulse. Figure shows a geometry modeled in the Xfdtd (Remcom, Inc.)
software package. The line lengths were chosen to be 2/3 and 1/3 of the reference length of
27 cm with switching times of each line corresponding to their lengths such that a stairstep
shaped pulse is created, as enumerated in Table The lines were charged by an arbitrary
reference voltage and discharged by a closing switch. The expected and simulated output of
the multiple line system is shown in Figure [6.13] showing good agreement.

The drawback to this configuration is the additional space required around the beam
pipe, so a similar configuration was constructed with five matched transmission lines of
various lengths abutted against the beam pipe in a more planar geometry (Figure A),

reminiscent of concept drawings of a DWA for proton therapy [27]. Line timings were chosen,
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Pulser Excitation for Radial Line Geometry
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Figure 6.9: The pulsed voltage signal used to excite the radial transmission line.

Gradient Produced by Radial Pulsed Line vs Equivalent Transmission Line Stack
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Figure 6.10: Accelerating gradient produced at the center of the radial transmission line
geometry and that of an equivalent transmission line stack.
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Figure 6.11: Simple schematic of a desireable, ramp shaped pulse.

Figure 6.12: Multiple staggered transmission line geometry.

Line t'transit (ns) tpulse (I’]S) ttrigger (ns)

Table 6.1: Timing values used in staggered line geometry.
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Figure 6.13: Expected (top) and simulated (bottom) accelerating gradient for the staggered

line geometry.
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as above, to create a stairstep shaped pulse. The simulated output of this configuration, along
with the output of a single line pair that is much wider than the beam pipe and charged
with the same voltage, are shown in Figures C and D. As can be seen in the figure, this
staggered geometry succeeds at shaping the pulse in the discrete, stairstep fashion at the
cost of the total integrated field strength. There is, however, a significant drawback - the
integrated pulse of the staggered line geometry is significantly lower than that of a single

line, making this configuration considerably less efficient for particle acceleration.

6.2.2 Dielectric Constant Variation

By constructing the transmission line of insulators with various dielectric constants, you
create regions of differing impedance within the line. The internal reflections generated at
an interface of the dielectrics create a build up of pulses, as every second reflection creates
a wave that propagates in the proper direction (towards the beam pipe). Essentially, the
effective length of the line is longer for portions of the pulse undergoing increasing numbers
of reflections. As these different portions of the pulse reach the end of the line, they add to
the effective gradient, creating a ramp shaped pulse. An early proof of concept simulation
of this approach is shown in Figure [6.15

The drawback to this method is the manufacture of these dielectrics. Fach dielectric
must be well coupled to adjacent layers, as field enhancement effects at the interfaces due to
small voids may create a triple point, lowing the effective dielectric strength. This could be
accomplished by methods such as suspending varying concentrations of nanobeads within
a single dielectric [82) [79], though the manufacturing process may be difficult, and these
materials must still be capable of holding off extremely high electric fields. Another approach
would be to continuously vary the dielectric constant, though this would be even harder to

manufacture. For these reasons, further investigations of this method were not performed.
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Figure 6.15: (A) Geometry of a graded dielectric transmission line with dielectric constants
increasing further from the switching side. (B) Voltage output of a graded dielectric trans-
mission line. This line was terminated with a resistance equal to the characteristic impedance
of the line using the average value of the dielectric constant, causing the dampening of pulse
reflections.
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6.2.3 Widened Lines

Another possible method of pulse shaping is by widening the line laterally, along the longer
side of the transmission line [83]. Similar to the dielectric constant variation above, the
effective path length of the propagating fields is longer for some portions of the voltage
pulse, again creating a ramp shaped pulse.

A stack of ten of these widened transmission lines was modeled using a base width W
of 10 cm and extra width W, of 7.5 cm (see Figure [6.16). The thickness of each insulator
was 0.5 mm, while the conductors were 0.1 mm thick, giving a total stack thickness of 1.21
cm. The insulator was chosen to be a generic material with a dielectric constant of 10, while
the conductor was defined as PEC. A pure insulator beam pipe with a length extending 7
cm above and below the line, outer radius of 1 cm (abutting against the line ends), inner
radius of 0.8 cm, and dielectric constant of 10 was incorporated. The line was excited with
a 0.5 ns smooth step voltage pulse at 20 keV. A particle source with identical parameters
to that defined in Section was used to inject protons at 2 MeV. An identical model
with an extra width of 0 (corresponding to a standard transmission line) was simulated for
comparison.

The gradients produced by the widened and standard line geometries are shown in Figure
. The widened lines produce a peak gradient of 17 MeV /m, compared to the 16 MeV/m
produced by the standard line, which is a gain of 6.25%. The pulse has a relatively linear
ramp shaped voltage increase across its duration, rising at about 1.25 % The impact of
these differences in gradient on the accelerated particle bunch is shown in Figure |6.18. The
energy spread, here defined as the difference between the fastest and slowest particles, is 7.4
keV for the standard line vs. 4 keV for the widened line, a reduction of 46%. The average
energy gain of the widened line stack was 176 keV vs. 170 keV for the standard stack, a
gain of 3.5%. Thus, this geometry, utilizing a temporally ramp shaped gradient, has been
demonstrated to significantly reduce the energy spread of accelerated particles while also

modestly increasing the energy gain per unit length.
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Figure 6.16: A) Top down view of the widened line geometry, with W, indicating the ad-
ditional width of the line. B) Perspective view of the 1 cm accelerating stack of widened
transmission lines.
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Gradient Produced by Widened Transmission Line Stack
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Figure 6.17: Accelerating gradients produced by the widened and standard transmission line
stacks. Note the ramp shaped pulse of the widened lines.
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Position vs Energy Phase Space for Particles Accelerated by Widened Lines
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Figure 6.18: Z-position vs. energy phase space for a particle bunch accelerated by widened
and standard transmission lines.
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6.2.4 Double Matched Lines

Another attempt to increase the field at the beam axis was performed by adding a second pair
of transmission lines rotated 90 degrees from the first pair (Figure . In this geometry,
the width of the line determines the smallest possible gap between the lines before the lines
overlap, which has a large effect on the gradient produced. To illustrate this, various line
widths and corresponding gaps were modeled. All of the lines were composed of a generic
insulating material with a dielectric constant of 10 and PEC, line lengths of 25 cm, insulator
thicknesses of 0.5 cm, and were excited by a 0.5 ns smooth step excitation of 20 kV.

The gradients produced by a doubled pair of matched lines, in comparison with a single
pair of lines separated by 1.5 cm and of width much larger than the gap (8 cm), are shown
in Figure [6.20 There is a drastic reduction in gradient produced when the larger set of
four lines is used, due to the large gap between the lines. The set of four lines with the
smaller gap, however, creates a gradient slightly higher than that of the single line pair,
with a fast rise time on the pulse due to the narrower line widths. This geometry takes up
considerably more space than the single line pair and uses twice as many switches; however,
in applications where space is not an issue and a steep rise time is needed, this doubly

matched line geometry could have utility.
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Figure 6.19: Perspective view of a double matched line geometry. The gap between the line
ends at the center is determined by their width.
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Accelerating Gradients Produced by 2 Matched Line Pairs

3e+006

— 2 Standard Lines, W = 80 cm, Gap = 1.5 cm

2.5€H006 | 4 Standard Lines, Gap = 1.5 cm

— 4 Standard Lines, gap = 5 cm

E

> 2e+006 ]

=

2

g 1.5e+006

=~

O

2 1e+006 |

=

3

§ 5e+005

<
0

_5e+005 ; : : ; i i

0 2 4 6 8 10 12 13

Time (ns)

Figure 6.20: Accelerating gradients produced by doubly matched lines of differing widths
(and resultant gaps).
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The goal of this work was to well characterize the various components of the dielectric
wall accelerator and the numerous geometric and electrical variations of the architecture.
A further goal was to develop and evaluate novel variations of the structure in order to
improve performance of the device. This was performed through a broad simulation study of
the various components of the device; in particular, the transmission line and power sections.

In Chapter 2, the basic components of the DWA architecture were described. Equations
governing the behavior of transmission lines were defined for reference throughout the rest
of the study. A review of the current published work on various components of the DWA
was given, followed by descriptions of existing and forthcoming prototypes. Limitations of
current architectures were outlined, including early failure of optical switches and dielectric
breakdown within then HGI beam pipe. Other applications of the accelerator were intro-
duced. Methods of transmission line triggering were discussed, including optical switching
and pulsed voltage injection utilizing DSRDs. Finally, the electromagnetic simulation meth-
ods used throughout the dissertation were explained.

In Chapter 3, a simulation study of individual and matched transmission lines suitable
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for use in the DWA was presented. The geometric and electronic parameters of the lines were
varied to determine their impact on the voltage output and gradients produced. Reference
line geometries and excitations were defined for consistent use throughout much of the rest
of the dissertation. An analysis of the axial fields produced by single and matched lines was
performed, and an axial parasitic effect was shown - this effect later illustrated a significant
effect on the behavior of accelerated particles. The HGI beam pipe was included to assess
how its presence perturbs the fields, and it was found to aid in directing the fields toward the
beam axis, enhancing the magnitude of the gradient. A single transmission line was built
and simulated, and the veracity of the simulation method was confirmed.

In Chapter 4, the effects of stacking the transmission lines were studied. Parasitic in-
duced voltages were quantified in stacks of five and 50 benchmark lines, and the deleterious
parasitics were found to plateau beyond a certain stack height. In contrast to the parasitics,
the presence of neighboring lines was found to influence the propagation of fields in free
space, make the fields more forward directed toward the beam axis, and enhance the gradi-
ent, offsetting the induced parasitic voltages. Finally, a study of the off-axis transverse fields
was performed in order to assess the likelihood of radial debunching, and the transverse fields
were found to alternate in direction above and below a single line and a simultaneous stack.
The alternating nature of the fields implied that radial beam stability should be preserved.

In Chapter 5, particle tracking studies were performed on a number of stacked geometries
with both closing switch and injected voltage type excitations. A framework was developed
for analyzing the behavior of particles within an accelerator structure by utilizing collected
phase spaces. The feasibility of a low energy ion injection was shown in the analysis of
an accelerator suitable for use in PIXE analysis, though further refinements need to be
performed in order to focus and bunch a particle pulse for efficient acceleration. The efficacy
of particle acceleration while using pulsers to power the transmission lines was demonstrated,
with such a simulated configuration accelerating protons at a gradient of 21.7 MeV /m, with

higher gradients possible with further timing optimization.
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In Chapter 6, various alternate transmission line geometries were simulated, and the
benefits and detriments of each were described. The advantages of using a temporally ramp
shaped pulse were described, and several means of achieving such a pulse were attempted.
One novel alternate geometry utilizing widened transmission lines was shown to produce a
significant reduction in energy spread of an accelerated particle bunch, a modest gain in
effective accelerating gradient, and no additional voltage injection requirements relative to
a standard transmission line.

Ultimately, the DWA is an extremely promising accelerator architecture with significant
technical hurdles yet to overcome. The major limiting factor in the current state of the design
is switching, and future developments on that front are crucial for the device to reach the
target gradient of 100 MeV/m. The capability of the DWA to accelerate other, heavier ions
such as carbon make it a potentially very powerful and versatile tool in both radiotherapy
and research. This thesis has examined the behavior of the DWA architecture in various
geometries and electrical configurations in order to aid optimizing the design and maximize

the gradient while maintaining a useful pulse shape for a given voltage input.

7.2 Future Work

The work contained in this dissertation leaves open a number of avenues of investigation. De-
velopment of the PIXE accelerator model should be continued, with near term goals including
a more sophisticated low energy beam transport injection system, improved switching sched-
ule, and powering the system with voltage pulsers. Further study of the radial transmission
line geometry is warranted, as their high gradients and immunity to parasitic effects make
them potentially very efficient at generating high accelerating gradients. Further investiga-
tion into the use of widened transmission lines for acceleration may be performed, including
a parametric study of the effects of line widening and alternate widened line shapes (such

as a curved line edge). Ultimately, once the most efficient, feasible design is determined,
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simulated, and optimized, a short scale prototype with a useful low-energy application (such
as PIXE) may be constructed. Finally, when gradients nearing 100 MeV/m are achieved
in simulation, a full scale system suitable for proton and heavy ion radiotherapy may be

designed.
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