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ABSTRACT

MODELING OF ACCELERATOR SYSTEMS AND EXPERIMENTAL
VERIFICATION OF QUARTER-WAVE RESONATOR STEERING

By

Carla Benatti

Increasingly complicated accelerator systems depend more and more on computing power
and computer simulations for their operation as progress in the field has led to cutting-edge
advances that require finer control and better understanding to achieve optimal perfor-
mance. Greater ambitions coupled with the technical complexity of today’s state-of-the-art
accelerators necessitate corresponding advances in available accelerator modeling resources.

Modeling is a critical component of any field of physics, accelerator physics being no
exception. It is extremely important to not only understand the basic underlying physics
principles but to implement this understanding through the development of relevant modeling
tools that provide the ability to investigate and study various complex effects. Moreover,
these tools can lead to new insight and applications that facilitate control room operations
and enable advances in the field that would not otherwise be possible.

The ability to accurately model accelerator systems aids in the successful operation of
machines designed specifically to deliver beams to experiments across a wide variety of
fields, ranging from material science research to nuclear astrophysics. One such accelerator
discussed throughout this work is the ReA facility at the National Superconducting Cy-
clotron Laboratory (NSCL) which re-accelerates rare isotope beams for nuclear astrophysics
experiments.

A major component of the ReA facility, as well as the future Facility for Rare Isotope

Beams (FRIB) among other accelerators, is the Quarter-Wave Resonator (QWR), a coaxial



accelerating cavity convenient for efficient acceleration of low-velocity particles. This device is
very important to model accurately as it operates in the critical low-velocity region where the
beam’s acceleration gains are proportionally larger than they are through the later stages of
acceleration. Compounding this matter, QWRs defocus the beam, and are also asymmetric
with respect to the beam pipe, which has the potential to induce steering on the beam. These
additional complications make this a significant device to study in order to optimize the
accelerator’s overall performance.

The NSCL and ReA, along with FRIB, are first introduced to provide background and
motivate the central modeling objectives presented throughout this work. In the next chapter,
underlying beam physics principles are then discussed, as they form the basis from which
modeling methods are derived. The modeling methods presented include multi-particle
tracking and beam envelope matrix transport. The following chapter investigates modeling
elements in more detail, including quadrupoles, solenoids, and coaxial accelerating cavities.
Assemblies of accelerator elements, or lattices, have been modeled as well, and a method for
modeling multiple charge state transport using linear matrix methods is also given.

Finally, an experiment studying beam steering induced by QWR resonators is presented,
the first systematic experimental investigation of this effect. As mentioned earlier, characteri-
zation of this steering on beam properties is important for accurate modeling of the beam
transport through the linac. The measurement technique devised at ReA investigates the
effect’s dependence on the beam’s vertical offset within the cavity, the cavity amplitude, and
the beam energy upon entrance into the cavity. The results from this experiment agree well
with the analytical predictions based on geometrical parameters calculated from on-axis field
profiles. The incorporation of this effect into modeling codes has the potential to speed up

complex accelerator operations and tuning procedures in systems using QWRs.
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Chapter 1

Introduction

Advanced accelerator systems today require sophisticated computer simulations to develop a
complete understanding of their operation and functionality due to the increasing complexity
of the involved systems. Real-time control and modeling, more now than ever before, are
steadily becoming essential components in the operation of accelerators in order to enhance
performance.

Accelerator physics is concerned with the creation of beams of particles, their acceleration,
and subsequent transport to experimental detectors. During transport, beam manipulation
and advanced diagnostic techniques often demand accurate modeling in order to fully under-
stand the accelerator and beam properties to ultimately achieve the necessary requirements
for state-of-the-art experiments.

The degree of detail incorporated into these accelerator models is primarily a function of
the particular needs of the application the model is serving. There are many different types of
accelerator facilities around the world that cover a wide variety of research goals, each having
its own unique modeling challenges. Synchrotron light sources utilize high energy electron
beams in a storage ring to study topics in materials science and condensed matter physics.
High energy proton synchrotrons or linear colliders are used to study subatomic particles in
high energy physics. Low to medium energy beams of heavy nuclei are important for nuclear

physics experiments, as in the case for Michigan State University’s National Superconducting



Cyclotron Laboratory (NSCL).

Accelerators in nuclear physics, such as the NSCL and the Facility for Rare Isotope
Beams (FRIB), alter the particle species and energy ranges used to study the vast nuclear
landscape. These constantly changing conditions, which accelerators must be designed to
accommodate, motivate the necessity of accurate modeling methods in real-time in order
to improve accelerator tuning procedures and minimize the operational down-time when
switching between beams.

Additionally, new devices need to be properly characterized in order to be incorporated
accurately into modeling codes. It is especially important to correctly characterize the effect
that elements have on steering of the beam when considering accelerator tuning. In the case
that an effect is observed but not yet incorporated into present modeling codes, detailed
systematic measurements should be made in order to verify its correct description. One prime
example of this is the Quarter-Wave Resonator (QWR) steering experiment performed at the
ReA facility at the NSCL, which will be presented in greater detail in the following chapters.

To begin with, though, this introductory chapter presents an overview of the accelerators
that will appear throughout this dissertation, focusing on the NSCL in Section 1.1. A
background of future facilities of interest is included in Section 1.2. Within a brief summary
of the different methods used for modeling these accelerators in Section 1.3, topics which
provide unique challenges to the modeling of modern low-energy heavy ion accelerators,

including QWR steering, are introduced.



1.1 NSCL

The National Superconducting Laboratory (NSCL) has been a highly successful laboratory
for doing world class nuclear research over the past three decades. By commissioning the new
reaccelerator, ReA, the lab continues to push the boundaries for nuclear research and expand
its capabilities to provide rare isotopes at relevant energy regimes for experimenters. In the
future, the Facility for Rare Isotope Beams (FRIB) will replace the coupled cyclotrons with a
high power driver linac to become the preeminent facility for nuclear research in the world.

The NSCL, as shown in 2012 in Figure 1.1, is located at Michigan State University (MSU).
The NSCL currently consists of a stable Electron Cyclotron Resonance (ECR) ion source,
SuSI (the Superconducting Source for Ions), two coupled superconducting cyclotrons, the

K500 and the K1200, and the A1900 fragment separator.

Figure 1.1: The National Superconducting Cyclotron Laboratory (NSCL) in 2012.

Experimental stations at the NSCL are categorized by the energy of the beams that
they use. High energy experiments take beam directly from the A1900, while low energy
experiments are delivered beam from the gas stopping stations.

In addition to the NSCL’s coupled superconducting cyclotrons which provide the primary

beam on target, another accelerator has also been built on site to reaccelerate rare isotopes,



ReA. The original design for ReA includes accelerating components capable of reaccelerating
beams of uranium up to 3 MeV /u. The gas stoppers also provide beam to ReA which delivers
re-accelerated beams to its dedicated experiments.

The components of the NSCL to be discussed in further detail are shown in the schematic
layout in Figure 1.2, including the ion sources, cyclotrons, fragment separator, experimental
stations, and the reaccelerator, ReA. The highlighted regions show the areas of fast beams,

gas stopping, stopped beams in the low energy area, and reaccelerated beams.

[Proauction’) WFASTBEMSN Gas Stopping [GWERCrgy| ReAccelerator

Figure 1.2: The NSCL layout highlighting areas of production, fast beams, gas stopping,
stopped beams in the low energy area, and reaccelerated beams from ReA.

The particle beam path begins in an ion source, continuing though the cyclotrons and the
fragment separator, the production area of Figure 1.2. It then proceeds to travel to either the
fast beam area for fast beam experiments, or the gas stopping area. After the gas stopping
area the beam is transported to either the stopped beam experiments or the reaccelerator,
ReA, where it can be reaccelerated to its dedicated experiments. The reacceleration approach
allows intermediate energies to be attained, as will be explained further in Sections 1.1.6

and 1.1.7.



1.1.1 ECR Ion Source

Stable beams are first produced by SuSI, a superconducting Electron Cyclotron Resonance
(ECR) source capable of achieving very intense and highly charged beams, for example more
than 380 epA of Xe?6F [1]. The SI unit for current is the Ampere (A), which is defined as a
Coulomb per second (C/S). When describing beams from ECRs, this unit is typically cited
as an electrical amp (eA), which includes the charge state of the beam. The current of the
beam as measured on a Faraday Cup, for instance, is measured in electrical Amps (eA). If
the particle current is being discussed, this is defined as the electrical current divided by the
charge state.

ECRs produce these highly intense beams by resonantly exciting electrons in the plasma
with cyclotron frequency wgy = Q’B%, where ¢ and m are the charge and mass of an electron,
Brcr is the resonant magnetic field, and wyy is the cyclotron frequency. A schematic of the

SuSI plasma chamber is shown in Figure 1.3.
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Figure 1.3: ECR schematic, including solenoid and hexapole coils. Microwave power, wgg,
creates the resonance zone in the center, and ion extraction is indicated to the right.



The microwave power heats the electrons, which in turn ionize the neutral gas or metal
vapor atoms, increasing the charge state of the desired element. SuSI operates at a microwave
frequency of f,, = 18 GHz, corresponding to a resonant magnetic field of Bycr = 0.64T.

The plasma inside an ECR is confined axially by solenoid fields: in SuSI on the injection
side Binj ~ 4Bycr and on the extraction side Bext & 2Bgcr. The plasma is confined radially
through a hexapole field, where B,,q ~ 2Bgcr. All magnets in SuSI are superconducting,
which reduces the power consumption and also allows for tunable radial magnetic fields, an
advantage over permanent hexapole magnets used in room temperature ECRs [2]. Once the
desired charge state is reached, the ions are extracted from the magnetic bottle by applying

a voltage to the extraction electrodes [3] and transported to the cyclotrons for acceleration.

1.1.2 Cyclotrons

The K500 was the first ever superconducting cyclotron. A schematic of a cyclotron is shown
in Figure 1.4. The name derives from the energy that a proton beam could potentially be
accelerated to, 500 MeV. Heavy ion beams have protons and neutrons in the isotope’s nucleus
which contribute to their mass. Because of this it is common to cite an energy per nucleon
instead of the total beam energy. The K500 is capable of accelerating heavy ion beams up
to 17 MeV per nucleon, or 17MeV /u. The total beam energy is recovered by multiplying this
value with the total number of nucelons.

The beam from the ion source is injected into the center of the cyclotron, where it is
then accelerated by an alternating electric field between the “dees”. The first cyclotron
accelerators had two electrodes, and were so named “dees” for their “D”-shaped electrodes.
Both the K500 and the K1200 have three “dees”. To utilize the acceleration through these

electrodes multiple times, a static magnetic field is applied.



Figure 1.4: Cyclotron Schematic, depicting simplified beam path in red, alternating charge
on “dees” with beam’s relative position, and magnetic field into the page.

The ions spiral through this field, with increasing radius r = % as their energy increases.
Here m, ¢, and v, are the mass, charge, and velocity, of the ion beam respectively. B is

the magnetic field of the cyclotron. The accelerating voltage is applied to the “dees” at the

_ |aB

50m Which results in the beam experiencing

cyclotron resonance frequency of the beam, f
an accelerating electric field through each of the gaps between the electrodes. Once the
particles’ radius reaches the radius of the cyclotron, the accelerated beam is ejected.

The K500 was the NSCL’s main accelerator from 1982 to 1989, when it was replaced with
the K1200 cyclotron which operated until 1999, when the cyclotrons were coupled [4]. This
configuration, known as the coupled cyclotron facility (CCF), allows for much higher energies
to be achieved, because a stripper foil is utilized before injection into the K1200. This yields

a higher charge state, and in turn a more efficient acceleration is achieved through the K1200

acceleration. The K1200, the larger of the two cyclotrons, can then accelerate ions to a range

of energies, from 20 (MeV /u) to 200 MeV /u [5].



1.1.3 RIB Production

The fast beams of rare isotopes at the NSCL are produced through a process called Projectile
Fragmentation (PF). The stable high energy (~200MeV /u) ion beam from the cyclotrons is
impinged on a thin light production target, such as Beryllium, to produce rare (radioactive)
isotope beams (RIBs).

The nuclear reactions inside the target foil at relatively high energies remove a significant
amount of nucleons to produce a shower of particles with less mass than that of the projectile
and target nuclei. A fraction of the beam reacts with the target, producing rare isotopes
lighter than the beam element in a statistical process. By using a heavy beam of an element
such as Uranium, many rare isotopes can be produced this way [6].

Another production method for rare isotope beams is called Isotope Selection On-Line, or
ISOL, which is a chemically dependent process in which a high energy beam is impinged on a
thick target where the rare isotopes diffuse out of the target and are then subsequently acceler-
ated. This process can take on order of microseconds, so for rapidly decaying beams projectile
fragmentation is the necessary production method. Because of ISOL’s chemically-dependent
nature, it may also be necessary to produce certain beams with projectile fragmentation, as
seen in Figure 1.5. The isotopes capable of being produced at the NSCL’s CCF is shown on
the right in Figure 1.5.

Projectile fragmentation (PF) has the advantage that it is a chemically independent
process and avoids this limitation of ISOL production. However, as PF is a statistical process,
with RIBs farther from stability produced at slower rates, separation of the many different

reaction products is necessary in order to form a beam of one desired species.
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Figure 1.5: ISOL production yields at ISOL(DE), the Isotope mass Separator On-Line facility
at CERN [7], compared with PF production yields at the NSCL [8]. Note that there are
bands of isotopes that are inaccessible in the ISOL production method due to its chemically
dependent nature, while projectile fragmentation does not have this limitation. However,
ISOL can produce a very intense beams with a higher yield than PF for certain elements.

1.1.4 Fragment Separator

The A1900 fragment separator at the NSCL, seen in Figure 1.6, uses several methods to
efficiently separate a desired isotope beam from the many reaction products created through
the PF production method [9]. Its name is derived from “A” for Analysis, and 1900 for the
maximum proton kinetic energy in MeV that can be bent by its four dipole magnets.

The first method for isolating the desired RIB utilized by the A1900 is magnetic separation.
The dipole magnets disperse the beam according to its momentum to charge ratio, defined as
the magnetic rigidity, Bp = p/q. Since the velocities of the different species are fairly similar,
this amounts to essentially a selection by mass-to-charge ratio.

This reduces the number of species considerably, but there are still many RIBs with
the same A/Q ratio, so further separation is needed. Selection by proton number (Z) is
performed by placing a degrader at the intermediate image location (I2 in Figure 1.6) at the

center of the A1900. As energy loss in matter is Z-dependent, as given by the Bethe-Bloch
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Figure 1.6: A1900 schematic, including four dipole magnets with maximum magnetic rigidity
of 6 Tm. Production target, intermediate image, and focal plane locations also indicated.

equation [10], the velocity of the different RIBs changes as a function of their charge alone,

which allows them to then be separated out by their magnetic rigidity, Bp.

1.1.5 Experimental Stations

After particle fragment separation, there are several different experimental stations to which
the RIB may be delivered. Experiments requiring high energies receive the beam directly from
the A1900. These experiments use various detectors including the Modular Neutron Array
and Large Multi-Institutional Scintillator Array (MoNA-LISA) [11], the High Resolution
Array Detector (HiRA) [12], and the S800 Spectrograph [13] to study nuclear reactions and
properties such as half-life, cross-sections, and branching ratios which all require fast beams.

Other experiments probe nuclear properties that require low energy beams, such as
measuring the mass as done with the Low Energy Beam and Ion Trap (LEBIT) [14], or for
nuclear magnetic resonance (S-NMR) studies, as performed with the Beam Cooler and Laser
spectroscopy (BECOLA) [15]. The fast beams from the cyclotrons must therefore have their

energy reduced before being transported to these low energy experiments.
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The majority of the beam’s energy is lost through a solid degrader, followed by further
beam cooling in a gas cell filled with an inert gas, such as Helium. Beam cooling in this
context refers to the reduction of beam energy due to collisions in the gas which essentially
stop the beam. Once this is accomplished, the beam can then be extracted from the gas cell.
This process reduces the energy spread of the beam and its area in phase space, or emittance,
to an acceptable level for the high-precision low-energy experiments [16]. A new type of gas
stopper, called the Cyclotron Gas Stopper, is currently in the process of being assembled
and commissioned. The goal for this new gas stopper is to have higher efficiencies for lighter
beams than the current linear gas cell [17].

Other nuclear experiments, particularly those of interest in nuclear astrophysics, require
higher energies than the stopped beam experiments. The desired range of energies, from
~0.33-3 MeV per nucleon, is of scientific interest because these are the typical energies that
exist in stars. This demand from the nuclear science community drove the decision to
design the ReA facility to re-accelerate heavy rare isotope beams to 3 MeV /u [18]. There
also remains interesting nuclear physics to probe at slightly higher energies at or above the
Coloumb barrier, for which upgrades to ReA6 and ReA12 have also been proposed for the

future.

1.1.6 ReAcceleration Motivation

Before the construction of the ReA facility, the NSCL was capable of providing fast
(~200MeV /u) rare isotope beams as well as low energy beams (~1eV/u) through its gas
stopping station.

These two energy regimes are necessary for studying different nuclear reactions and

different properties of the nucleus. For example, higher energy beams are required to produce
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transfer reactions. Inverse kinematics, using a heavy beam on a light target, can then be
used to measure the B(E2) value which is important in nuclear physics.

High energy beams are also used to study the symmetry energy term in the nuclear
equation of state, as well as many other properties of the nucleus. The S800, GRETINA and
MONA are some of the experimental stations that use high energy beams at the NSCL. On
the other hand, low energy beams are necessary for other types of high precision measurements
that are performed at LEBIT and BECOLA which measure the mass and hyperfine structure
of the nucleus respectively.

With the addition of the ReA facility, the NSCL has added a new energy region at
~3-12MeV /u and now is capable of providing beams in the low, mid-range, and high energy
range for nuclear physics experiments. This mid-range region of energy is of interest especially
for nuclear astrophysics reactions as well as some other experiments that are well suited in
this region. When the facility is upgraded with additional cryomodules (in planning) the
energy range will cover physics just above the Coulomb barrier, which is again especially of
interest to nuclear astrophysics.

Fast rare isotope beams are produced and slowed down and then reaccelerated to reach the
desired energy. This process is necessary in order to preserve the emittance, or phase-space
quality, of the beam. The beam cannot be slowed immediately to the desirable mid-range
energy, as the emittance would grow to a point where it would not be able to be transported.
Even if a degrader is placed immediately before the experiment, this would not provide good
cross sections with the large emittance.

It is therefore favorable to slow down the beam in a solid degrader where the beam loses
over 95% of its energy, followed by a gas cell where collisions with inert gases reduce its

energy further. The ions will not neutralize completely during the collisions with the buffer
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gas atoms if the buffer gas has a very high ionization potential — typically a nobel gas is
chosen for this role as its filled outer electron shell make these gases extremely inert. This
leaves a singly-charged beam that can then be extracted and reaccelerated. The ReA facility
also includes an Electron Beam Ion Trap (EBIT) which increases the beam’s charge state, or

charge breeds the beam, for more efficient re-acceleration.

1.1.7 ReA

The ReA facility, shown in Figure 1.7, consists of an Electron Beam Ion Trap (EBIT), a
charge to mass or Q/A selection section, a normal conducting RFQ, a superconducting linac,
and transport beam lines that deliver the beam to the experiments [19]. The beam optics

designs were developed using COSY [20] and IMPACT [21].
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Figure 1.7: ReA layout including the accelerating linac on an elevated platform and the
experimental stations on the ground level. The elevated deck design facilitates continuous
access for laboratory personnel to other experimental areas.

Gas-stopped beams are typically singly ionized. In order to achieve more efficient accel-
eration, these beams are injected into the ReA Electron Beam Ion Trap (EBIT) for charge

breeding. An EBIT uses a magnetic bottle to confine the ions that it collects, while a
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high-density electron beam increases the charge state of the ions by stripping away outer-shell
electrons, similar to the mechanism of an ECR [22]. Once the desired charge state is reached,
the highly charged ions are ejected from the trap.

An achromatic mass separator consisting of an electrostatic sector and a magnetic
sector provides a mass resolving power of R~100 and energy spread of dp = 2% [23]. A
small longitudinal emittance is attained by using a Multi-Harmonic Buncher (MHB) before
acceleration [24]. The MHB excites up to three harmonics, approximating a Sine wave, in
order to bunch the beam for acceptance into ReA’s accelerating elements.

The accelerating components of ReA include a normal conducting room temperature Radio-
Frequency Quadrupole (RFQ) [25], and three cryomodules with two types of superconducting
quarter-wave RF cavities operating at 80.5 MHz [26]. The maximum final energy achievable
in this first stage of ReA is 3 MeV /u for heavy nuclei such as uranium, and 6 MeV /u for ions
with A < 50.

The ReA facility at the NSCL has the capability to provide low energy rare isotope beams
which are typically difficult to produce at Isotope Separation On-Line (ISOL) facilities. As
mentioned in Section 1.1.3, ISOL facilities produce RIBs at rest by impinging a high-energy
stable beam on a thick production target. The rare isotopes then diffuse out of the target
where they can subsequently be accelerated to the desired energy.

Due to the individual chemistry of each species and target ion source, however, some beams
are extremely difficult to produce at the necessary rate for experiments [27]. The ReA facility
can take advantage of the chemically-independent projectile fragmentation production method

at the NSCL to offer experimenters beams at energies that were previously unavailable.
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1.2 Future Facilities

There are many exciting developments planned for the future of the NSCL. Following is
a brief summary of these proposals for the future facilities at MSU, including upgrades to
the existing reaccelerator and an entirely new primary driver linac to replace the coupled

cyclotrons with the Facility for Rare Isotope Beams.

1.2.1 ReA Upgrades

High-quality low-energy beams are extremely desirable in the experimental nuclear physics
community. With ReA able to achieve 3 MeV /u beams, many of these low-energy reactions
for nuclear astrophysics can be studied. These reaction measurements occur at astrophysical
energies, and ultimately motivated the construction of ReA. However, as alluded to earlier,
many experiments need slightly higher energies, still well below the energies of the fast beams
at production (~100MeV /u).

Some of these experiments include the study of transfer reactions of exotic nuclei, multi-
step Coulomb excitation, and nuclear shell structure evolution far from stability, which
all require reactions with very short-lived beams at energies around 6-12MeV /u. Energy
upgrades to ReA have therefore been planned in stages, titled ReA6 and ReA12, which will
reaccelerate the rare isotope beams to 6 and 12 MeV /u respectively. The layout for ReA6 is
shown in Figure 1.8.

The energy upgrade for ReA6 will require four additional cryomodules, three single-
cavity cryomodules for longitudinal matching and rebunching, and one cryomodule with 8
accelerating cavities [28]. This cryomodule will be identical in design to the cryomodules

designed for FRIB. Drift space after this cryomodule is left during this phase for the second
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Figure 1.8: Planned layout for Energy Upgrade Phase I: ReA6. Note that additional single-
cavity cryomodules have been added downstream from the original linac for longitudinal
bunching, as well as an additional f = 0.085 cryomodule for further acceleration. New
experimental detectors will also be commissioned with the construction of ReA6.

energy upgrade to ReA12 which requires an additional two accelerating cryomodules.

1.2.2 FRIB

The Facility for Rare Isotope Beams, FRIB, will take the place of the coupled cyclotrons at
the NSCL as the primary beam accelerator. The plans for FRIB also include a new high
power target station. After the target, the A1900 fragment separator will be reconfigured to
deliver the secondary beam to existing experimental stations as well as additional detectors
designed specifically to use beams from FRIB [29]. The configuration can be seen in the
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