


	
		×
		

	






    
        
            
                
                    
                        
                    
                

                
                    
                        
                    
                

                
                    
                        
                            
							
                        

                    

                

                
                    	
                            Log in
                        
	
                            Upload File
                        


                

            


            
                
                    	
                            Most Popular
                        
	
                            Art & Photos
                        
	
                            Automotive
                        
	
                            Business
                        
	
                            Career
                        
	
                            Design
                        
	
                            Education
                        
	
                            Hi-Tech
                        


                    + Browse for More
                

            

        

    














    
        
            

                
                    Download pdf - MASS MEASUREMENTS OF NEUTRON-RICH COBALT …publications.nscl.msu.edu/thesis/ Izzo_2018_5563.pdfmass measurements of neutron-rich cobalt isotopes beyond n=40 and the development of

                    
                


                
                    
                


                
                                            
                            

                        

                        
                            Download pdf
                        

                                    


                

                                        
                


                
                    
                



								
					Transcript

					Page 1
						

MASS MEASUREMENTS OF NEUTRON-RICH COBALT ISOTOPESBEYOND N=40 AND THE DEVELOPMENT OF A SINGLE ION
 PENNING TRAP MASS SPECTROMETER FOR RARE ISOTOPES
 By
 Christopher John Izzo
 A DISSERTATION
 Submitted toMichigan State University
 in partial fulfillment of the requirementsfor the degree of
 Physics - Doctor of Philosophy
 2018

Page 2
						

ABSTRACT
 MASS MEASUREMENTS OF NEUTRON-RICH COBALT ISOTOPES BEYOND N=40AND THE DEVELOPMENT OF A SINGLE ION PENNING TRAP MASS
 SPECTROMETER FOR RARE ISOTOPES
 By
 Christopher John Izzo
 Over the past few decades, the use of online Penning trap mass spectrometry (PTMS) has
 enabled precise, accurate mass measurements of rare isotopes as a probe of nuclear structure
 far from the valley of beta stability. As the first and only Penning trap coupled to a projectile
 fragmentation facility, the Low Energy Beam and Ion Trap (LEBIT) facility at the National
 Superconducting Cyclotron Laboratory allows precision mass measurements of exotic nuclei
 that are not available at other PTMS facilities.
 The nuclear shell model provides a robust framework for understanding nuclear structure
 effects. While nuclear shell structure is well understood for stable isotopes, the evolution of
 nuclear structure away from stability remains an active area of rare isotope research. The
 region near Z = 28 and N = 40 is a subject of great interest for nuclear structure studies
 due to spectroscopic signatures in 68Ni suggesting a subshell closure at N = 40. Trends in
 nuclear masses do not appear to support this conclusion, however a complete picture of the
 mass surfaces in this region has so far been limited by the large uncertainty remaining for
 nuclei with N > 40 along the iron (Z = 26) and cobalt (Z = 27) chains because these species
 are not available at traditional isotope separator online (ISOL) facilities. Recent Penning
 trap mass measurements of 68,69Co at LEBIT provide the first precise examination of nuclear
 masses beyond N = 40 in the Co chain. The motivation, procedure, and results of these
 measurements are presented in this dissertation. Recent theoretical calculations for these
 isotopes are also presented, and the importance of these measurements and calculations for
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understanding the evolution of nuclear structure near 68Ni is discussed.
 In order to expand the reach of LEBIT to isotopes very far away from stability, a new Sin-
 gle Ion Penning Trap (SIPT) has been developed. Many rare isotopes far from stability can
 only be produced at very low rates incompatible with the current destructive measurement
 technique used for online PTMS, which requires ∼100 ions or more to complete a mass mea-
 surement. SIPT employs a non-destructive measurement technique which enables complete
 mass determinations with a single ion. This technique has been used successfully at other fa-
 cilities for stable particle measurements but has never before been extended to measurements
 of exotic radioisotopes. The design and offline commissioning tests of SIPT are presented in
 this work, demonstrating promising outlook for single ion rare isotope measurements in the
 near future.
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Chapter 1
 Introduction
 1.1 Importance of Atomic Masses for Nuclear Science
 One of the most important concepts governing the properties and processes studied across
 many areas of nuclear science research is the binding energy which holds protons and neutrons
 together in an atomic nucleus. Owing to the well-known mass-energy equivalence given by
 Einstein’s famous equation E = mc2, the binding energy of a nucleus is directly reflected
 in the mass of the nucleus, as the total nuclear mass is the sum of the constituent nucleon
 masses minus the binding energy. Mass measurements therefore present a critical tool for
 probing a wide variety of nuclear effects. By comparing atomic mass differences between
 various isotopes and looking at mass trends across the nuclear chart, much information
 can be obtained for a number of research applications including nuclear structure, nuclear
 astrophysics, and fundamental interaction studies.
 Fig. 1.1 shows the chart of the nuclides, with each nuclide colored by its currently known
 mass precision according to the most recent Atomic Mass Evaluation (AME2016) [1]. As
 seen in this chart, atomic masses are generally known to a very high degree of precision for
 most stable isotopes. The further one gets from stability, however, the less precisely the mass
 is generally known, owing to the difficulty of producing and studying such exotic isotopes.
 Table 1.1 shows typical mass precisions required for different areas of rare-isotope research [2].
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Research Area δm/m
 Nuclear Structure ≤ 10−6
 Nuclear Astrophysics ≤ 10−7
 Nuclear Models and Formulae ≤ 10−7
 Weak Interaction ≤ 10−8
 Table 1.1: Areas of rare-isotope research and typical precisions required to probe the asso-ciated physics using mass measurements.
 Neutron number N
 Proton number Z
 Relative mass uncertainty
 Δm/m ≤ 10-9
 10-9 < Δm/m ≤ 10-8
 10-8 < Δm/m ≤ 10-7
 10-7 < Δm/m ≤ 10-6
 Δm/m > 10-6
 values derived not from purely experimental data
 Figure 1.1: The chart of the nuclides, with each nuclide colored according to its currentlyknown mass precision. Mass precisions come from the most recent Atomic Mass Evaluation(AME2016) [1].
 Comparing Table 1.1 with Fig. 1.1, it is clear that an abundance of scientific motivation
 remains to complete precise mass measurements of rare isotopes away from stability.
 1.1.1 Evolution of Nuclear Structure Away From Stability
 The nuclear shell model plays a central role in understanding nuclear structure. A quantum-
 mechanical treatment of the protons and neutrons in a nuclear potential reveals the discrete
 quantum states that a nucleus can occupy. Large energy gaps, known as shell gaps, exist
 between certain clusters of orbitals, known as shells. These are analogous to the atomic
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shells occupied by electrons in an atom. Just as closed-shell atoms (the inert gases) exhibit
 a high degree of chemical stability, closed-shell nuclei are similarly stable, and the properties
 of nuclei with nearly closed shells can typically be explained simply by the properties of a
 few valence nucleons or holes. The total number of nucleons needed to complete a proton
 or neutron shell is referred to a “magic number,” and nuclei with a magic number of both
 protons and neutrons are known as “doubly-magic” nuclei. The Nobel Prize was awarded
 in 1963 to Maria Goeppert-Mayer and J. Hans D. Jensen for their work on the nuclear
 shell model, demonstrating that the inclusion of a spin-orbit interaction could be used to
 reproduce the experimentally observed magic numbers [3, 4].
 A major area of interest in current nuclear structure research is the evolution of shell
 structure away from stability. As early as 1960, Talmi and Unna demonstrated that the
 N = 8 shell gap is lost in neutron-rich beryllium isotopes [5]. In 1975, online mass spec-
 trometry experiments suggested that the N = 20 neutron shell closure, well-established for
 stable isotopes around 40Ca, may not persist for unstable isotopes with relatively large N/Z
 ratios [6]. This was later confirmed by additional experimental studies [7–9].
 It is worth emphasizing the significance of this realization that the magic numbers, which
 provide such an important foundation for our understanding of nuclear structure, are not
 immutable as was previously believed. This sparked a rush of experimental and theoretical
 efforts to identify and explain further examples of evolving shell structure away from stability.
 Significant progress has been made in this regard over the last few decades. Developments
 in rare isotope production have vastly expanded the range of exotic nuclei available for study,
 while developments in detection and measurement techniques have improved the accuracy
 and sensitivity of experimental studies. On the theoretical side, the effect of tensor [10] and
 three-body interactions [11–13] are now understood to play an important role in shifting the
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relative spacing of shell model energy levels in regions of the nuclear chart far from stability,
 resulting in the disappearance of some magic numbers and the appearance of new ones.
 An area of particular interest over the last few decades is the region around N = 40,
 Z = 28 due to experimental signatures suggesting the arrival of a magic number at N = 40
 in the 28Ni chain. This example is explored in Chapter 4, presenting new results from precise
 mass measurements of 27Co isotopes beyond N = 40 which expand the understanding of
 nuclear structure in this region.
 1.2 Mass Measurements of Rare Isotopes
 The relation between atomic masses and binding energy discussed in Section 1.1 makes
 masses important probes for investigating nuclear trends away from stability. Mass de-
 terminations are generally categorized as either indirect or direct measurements. Indirect
 measurements rely on nuclear reaction or radioactive decay studies to determine mass differ-
 ences, known as Q-values, between parent and daughter nuclei. Chains of Q-values can then
 be used to determine masses of isotopes far from stability. Uncertainties from each Q-value
 measurement accumulate in the final mass determination, with the result that indirect mass
 measurements of rare isotopes far from stability frequently come with a relatively high degree
 of uncertainty.
 Direct mass measurements include those based on time-of-flight, frequency, magnetic
 rigidity, or some combination of these techniques. Time-of-flight measurements with mass
 spectrometers allow fast and highly sensitive measurements, which are important properties
 for measuring radioactive isotopes far from stability as such isotopes are often produced at
 low rates and decay in short timespans. Experiments such as SPEG at GANIL [14], TOFI
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at LANL [15], and the S800 spectrograph at the NSCL [16] have successfully employed such
 methods for direct mass measurements of rare isotopes. At the RIKEN Radioactive Isotope
 Beam Factory, the time-of-flight magnetic-rigidity technique was used recently to perform
 the first direct mass measurements of the neutron-rich isotopes 55−57Ca [17].
 The obtainable precision of such measurements is limited by the ions’ total time-of-flight,
 so a variety of strategies have been developed to extend the ions’ path length and thus the
 travel time. The CSS2 cyclotron at GANIL [18] and SARA at Grenoble [19] used cyclotrons
 to send ions along a spiral path. Storage rings including the Experimental Storage Ring
 (ESR) at GSI [20] and the Heavy Ion Cooler-Storage-Ring (HIRFL-CSR) at Lanzhou [21]
 use many passes around a large circular ring to extend the path length. Multi-reflection time-
 of-flight (MR-TOF) devices use electrostatic reflectors to bounce ions back and forth within a
 small chamber for a set number of passes. MR-TOF devices have become very popular in the
 last few years because they are relatively compact and inexpensive to build, and can achieve
 very high mass resolutions when a large number of reflections are used [22–25]. Such devices
 are often used for beam purification, but have also demonstrated the ability to achieve high
 precision direct mass measurements of rare isotopes. For instance, the MR-TOF device at
 ISOLDE was used to explore nuclear structure trends far from stability along the Ca chain
 out to 54Ca with sub-ppm mass precision [26].
 The highest degree of mass precision and accuracy is achieved using Penning traps to
 measure the cyclotron frequency of ions confined in a strong magnetic field. These techniques
 are discussed in detail in Chapter 2. Penning trap mass spectrometry (PTMS) has been
 used to measure stable ions at mass precisions δm/m < 10−10 [27] and unstable ions at
 precisions < 10−8 [28]. The first demonstration that Penning traps could be implemented
 for precision mass measurements at a rare isotope facility was ISOLTRAP at the ISOLDE
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facility [29]. The success of ISOLTRAP prompted the development of several other PTMS
 programs at various rare isotope facilities, including JYFLTRAP at Jyvaskyla [30], CPT at
 Argonne National Lab [31], SHIPTRAP at GSI [32], LEBIT at NSCL [33], and TITAN at
 TRIUMF [34].
 Among these facilities, the Low-Energy Beam and Ion Trap (LEBIT) facility at the
 National Superconducting Cyclotron Laboratory (NSCL) is the first and only Penning trap
 mass spectrometer coupled to a projectile fragmentation facility, allowing high-precision mass
 measurements of rare isotopes that are unavailable at other Penning trap facilities. Since
 its commissioning in 2005, LEBIT has successfully measured the masses of more than 65
 different species, achieving mass precisions as low as ∼2 ppb [28] and measuring species with
 half-lives below 100 ms [35]. The work discussed in this thesis was carried out at LEBIT,
 and the LEBIT facility is discussed in detail in Chapter 3.
 1.3 Motivation for a Non-Destructive Mass Measure-
 ment Technique
 One of the most significant difficulties associated with Penning trap mass measurements of
 isotopes far from stability is the extremely low production rates for such species. Much
 of the most groundbreaking rare-isotope research occurs at the edges of the nuclear chart,
 exploring the limits of nuclear binding and the changes in nuclear interactions that occur
 in such exotic nuclei. Rare-isotope-beam facilities are beginning to achieve the ability to
 produce these nuclei, however production rates are often extremely low.
 The PTMS techniques currently used for rare isotope measurements are destructive tech-
 niques, meaning that the ions being measured are lost during the measurement process. As a
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result, ions must be continuously re-loaded into the Penning trap. A complete mass determi-
 nation requires a minimum of ∼100 detected ions with such destructive techniques (details
 on PTMS techniques are presented in Chapter 2). For extremely exotic isotopes far from
 stability, where production rates may by ∼a few per day or less, it is therefore impossible to
 use a destructive technique to complete a Penning trap mass measurement simply because
 the time required to detect ∼100 ions far exceeds the time available for typical online beam
 experiment (typically a week or two).
 A different, non-destructive PTMS technique known as narrowband Fourier Transform
 Ion Cyclotron Resonance (FT-ICR) has been used for extremely high-precision mass mea-
 surements of stable ions with single-ion sensitivity. In an effort to extend this technique
 to short-lived radioisotopes far from stability, a new Penning trap known as the Single Ion
 Penning Trap (SIPT) has recently been developed at LEBIT. The design and offline commis-
 sioning of SIPT are presented in detail in Chapter 5. Using the non-destructive narrowband
 FT-ICR technique, SIPT will allow complete mass determinations with a single trapped ion,
 thereby extending LEBIT’s reach to the far limits of the nuclear chart where production
 rates are extremely low.
 In general, short half-lives present an additional difficulty for measuring nuclei far from
 stability. SIPT is expected to require half-lives similar to those currently measurable at
 LEBIT (∼tens of ms or longer). However, the additional stability offered by shell closures
 means that isotopes in the vicinity of magic or doubly-magic nuclei often have surprisingly
 long half-lives, even far from stability. These are the regions of most interest for study with
 SIPT.
 For example, the doubly-magic nuclei 78Ni and 100Sn are often considered “holy grails”
 for nuclear structure studies far from stability. With 28 protons and 50 neutrons, 78Ni is
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the most neutron-rich doubly-magic nucleus. On the opposite side of the valley of stability,
 100Sn has 50 protons and 50 neutrons and is the heaviest N = Z nucleus. These nuclei and
 those in their vicinity therefore provide valuable insight into the role of magic numbers far
 from stability. With half-lives of 122 ms and 1.16 s respectively, 78Ni and 100Sn both live
 long enough for Penning trap mass measurements. However, current production rates for
 these two nuclei are only ∼a few per day at the NSCL, so destructive PTMS techniques
 are not an option for measuring these nuclei. Non-destructive measurements with SIPT will
 provide a path towards precise mass measurements of these highly-exotic nuclei, allowing
 careful studies of nuclear binding energy trends far from stability.
 A discussion of PTMS, including detailed descriptions of TOF-ICR and FT-ICR detec-
 tion, is presented in Chapter 2. Chapter 3 describes the LEBIT facility at the NSCL. The
 precision mass measurements of cobalt isotopes beyond N = 40, introduced at the end of
 Section 1.1, are presented in detail in Chapter 4. Finally, the development and the first
 commissioning tests of SIPT are discussed in Chapter 5.
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Chapter 2
 Penning Trap Mass Spectrometry
 2.1 Penning Trap Basic Concepts
 2.1.1 Trapping Fields
 A Penning trap is an ion storage device which uses a combination of a uniform magnetic
 field and a quadrupolar electrostatic field to capture a charged particle in three dimensions.
 The magnetic field provides radial confinement, as charged particles in a magnetic field are
 bound to orbit about the magnetic field lines at the cyclotron frequency
 ωc = 2πνc =qB
 m(2.1)
 which depends only on the ions’ charge q, mass m, and the magnetic field strength B. A
 magnetic field alone does not trap ions in the direction along the field axis, so to obtain
 three-dimensional confinement an electrostatic potential is superposed. At LEBIT, this is
 accomplished using a system of three hyperbolic trapping electrodes: two endcaps and a
 ring, as shown in Fig. 2.1. These three electrodes are hyperboloids of revolution defined by
 z2 − ρ2 = ±z20 (2.2)
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U0
 Z0
 ρ0
 Endcap 1
 Endcap 2
 Ring
 Figure 2.1: Three hyperbolic trap electrodes (two end cap electrodes and one ring electrode)used to create the quadrupolar electrostatic field necessary for axial ion confinement.
 and create an electrostatic quadrupole potential which can be given in cylindrical coordinates
 (ρ, z) by
 V (ρ, z) =U0
 4d2(2z2 − ρ2), (2.3)
 where U0 is the potential difference between the endcap and ring electrodes, and d is a
 characteristic trap parameter defined as d =√ρ2
 0/4 + z20/2. The quantities z0 and ρ0 refer
 to half of the minimum distance between end cap electrodes and the minimum radius of the
 ring electrode, respectively, as shown in Fig. 2.1. Other Penning trap electrode geometries,
 such as cylindrical traps, can be used to sufficiently approximate a quadrupolar electric
 field [36], however such geometries introduce higher-order electric field contributions which
 must be compensated to minimize uncertainties from frequency shifts if the trap is to be
 used for high-precision frequency measurements [37].
 2.1.2 Ion Motion in a Penning Trap
 A derivation of the motion of a charged particle in a Penning trap can be found in Ref. [38],
 and the relevant results are summarized here. The addition of a quadrupolar electrostatic
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field to a uniform magnetic field results in three distinct eigenmotions. In the z-direction,
 defined as the direction of the uniform magnetic field ~B, ions will undergo simple harmonic
 motion at the frequency
 ωz = 2πνz =
 √qU0
 md2. (2.4)
 In the radial plane, the presence of the quadrupolar electrostatic field ~E splits the true
 cyclotron motion at frequency ωc into two distinct radial motions: a slow ~E× ~B drift known
 as the magnetron motion at frequency ω− and a much faster modified cyclotron motion at
 frequency ω+, with the radial frequencies defined as
 ω± = 2πν± =ωc2±√ω2c
 4− ω2
 z
 2. (2.5)
 An illustration of these three eigenmotions is presented in Fig. 2.2. The true cyclotron
 frequency is simply the sum of the two radial frequencies
 ωc = ω+ + ω− (2.6)
 and the three eigenfrequencies are related to the cyclotron frequency by
 ωc =√ω2
 + + ω2− + ω2
 z . (2.7)
 In fact, Eq. (2.6) as derived in Ref. [38] only holds true for a perfect Penning trap. The
 non-trivial demonstration that this relation can still be used for high-precision measurements
 in a real Penning trap without introducing additional systematic uncertainties can be found
 in Ref. [39].
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axial (z)
 magnetron (-) modified cyclotron (+)
 Figure 2.2: Illustration of the motion of a charged particle in a Penning trap. This motionis a combination of three distinct eigenmotions: the magnetron motion (green) at frequencyω−, the modified cyclotron motion (red) at frequency ω+, and the axial oscillations (blue)at frequency ωz. The black path illustrates the combination of these three motions.
 In a typical Penning trap environment with a strong magnetic field (∼T) and a relatively
 weak electric field (∼V/mm), ω+ ωz ω−.
 2.1.3 Manipulation of Ion Motion with RF Electric Fields
 Once confined in a Penning trap, ions’ motion can be manipulated in various ways using
 multipolar RF electric fields [40]. At LEBIT, these RF fields are applied to the ring elec-
 trode, which is segmented into eight equal parts to allow for dipole, quadrupole, or octupole
 excitations [41], though currently only dipole and quadrupole excitations are regularly em-
 ployed.
 An illustration of the dipole and quadrupole RF configurations is presented in Fig. 2.3.
 In the dipole configuration, the applied RF field is 180° out of phase between opposite halves
 of the ring electrode. Dipole excitations applied to the ring electrode can drive either of the
 two radial motions when applied at their respective frequencies, increasing the radius ρ+ or
 ρ− of the selected motion. Unlike the magnetron frequency, which is weakly mass-dependent,
 12
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Dipole Quadrupole
 Figure 2.3: Applied RF geometries uesed to obtain dipole (left) and quadrupole (right) exci-tations of the ions’ motion in the Penning trap. At LEBIT, the ring electrode is segmentedto achieve these geometries. Red and blue segments represent RF applications of equalfrequency and amplitude, 180° out of phase.
 the modified cyclotron frequency is strongly mass-dependent, and dipole excitation at the
 modified cyclotron frequency is therefore commonly used at LEBIT to remove unwanted ion
 species from the Penning trap by driving their modified cyclotron motion to a large radius
 where the ions are lost from the trap. Unknown contaminants in the Penning trap are also
 identified in this manner by scanning the applied dipole RF frequency and looking for a
 reduction in the number of ions extracted from the trap.
 In the quadrupole RF configuration, the applied RF field is the same on opposite quarters
 of the ring segment and adjacent quarters are 180° out of phase, as shown in Fig. 2.3. This
 configuration is used to couple the trapped ions’ two radial motions. When a quadrupole
 RF drive is applied at the true cyclotron frequency νc = ν+ + ν−, a periodic beating occurs
 between the magnetron and modified cyclotron motions, as demonstrated in Fig. 2.4. Be-
 cause ν+ ν−, a substantial change in the ions’ radial energy occurs during the conversion
 between radial motions. This change in energy is then detected in a manner discussed in
 Section 2.3 and used to measure the true cyclotron frequency νc of the trapped ions, which
 13
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(a) (b)
 Figure 2.4: Conversion between the two radial modes of an ion’s motion in a Penning trap.(a) The ion begins with pure magnetron motion (red circle). When a quadrupole RF driveis applied at the true cyclotron frequency νc, the modified cyclotron radius grows as seenby the growing black circles, and the magnetron radius decreases as indicated by the bluearrow. (b) When full conversion of magnetron to modified cyclotron motion is complete, themodified cyclotron radius is equal to the initial magnetron radius.
 is then used to determine the ions’ mass according to Eq. (2.1).
 2.2 Overview of Penning Trap Mass Spectrometry
 Penning traps provide an excellent environment for precision studies of charged particles,
 offering confinement in a small volume, well-controlled electromagnetic fields, and the ability
 to manipulate particles’ motion as described in the previous section. While several areas of
 active research make use of Penning traps for these reasons, the application of particular
 interest for this thesis is the use of Penning traps to perform precise mass measurements
 of charged particles. Two different methods of Penning Trap Mass Spectrometry (PTMS)
 are now well established and widely used: Time-of-Flight Ion Cyclotron Resonance (TOF-
 ICR) [40] and Fourier Transform Ion Cyclotron Resonance (FT-ICR) [42] detection. Both
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of these methods are now employed at LEBIT. They are discussed in detail in the next
 two sections and are compared at a high level in this section. A third PTMS technique
 known as Phase Imaging Ion Cyclotron Resonance (PI-ICR) was pioneered by the SHIP-
 TRAP experiment at GSI in recent years [43]. Several other mass measurement experiments,
 including LEBIT, have now taken steps towards incorporating PI-ICR detection as well. A
 brief discussion of PI-ICR detection is included at the end of this section.
 TOF-ICR detection is currently the primary technique used for Penning trap mass mea-
 surements of rare isotopes. It is a destructive measurement technique, meaning that ions
 must be ejected from the trap for detection and new ions loaded into the trap repeatedly to
 complete a single mass determination, as described in the next section. The mass precision
 of a TOF-ICR measurement is given approximately by
 δm
 m≈ γ
 νcTRF
 √N
 (2.8)
 [40], where νc = qB/2πm is the cyclotron frequency of an ion with mass-to-charge ratio
 m/q in a Penning trap with magnetic field strength B, TRF is the measurement time of ions
 in the Penning trap, N is the total number of ions detected, and γ is a unitless parameter
 dependent on the particular experimental setup. At LEBIT, the value of γ is ≈ 0.3 [44].
 Assuming that radioactive ions can be observed for about one half-life, this means that ions
 with half-lives on the order of tens of milliseconds can be measured to precisions required
 for nuclear structure or astrophysics studies (see discussion in Section 1.1) in the timespan
 of a typical online beam experiment. For example, a singly-charged species of mass 50 u
 with a half-life of 50 ms could be measured in the LEBIT 9.4-T Penning trap to an expected
 precision of ∼ 2 × 10−7 with only 1000 detected ions. It follows from Eq. (2.8) that even
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higher precisions can be reached for longer-lived species. For instance, 14O (T1/2 = 71 s)
 was measured at LEBIT to a mass precision of ∼ 2 × 10−9 [28]. This measurement used a
 250-ms measurement time, and also employed a Ramsey excitation scheme for an additional
 improvement in precision [45].
 TOF-ICR detection also offers the advantage of high versatility. Measuring different ions
 over a wide mass range requires only a few parameter changes which can be implemented
 quickly. No major changes in the LEBIT setup are required between measurements, leaving
 a large amount of flexibility in preparation and scheduling for beam time.
 FT-ICR detection is used for a wide variety of PTMS experiments. Broadband FT-ICR
 detection is widely used in analytical chemistry because it allows for simultaneous identifi-
 cation of numerous species held in the Penning trap. While broadband FT-ICR detection
 provides excellent resolution for species identification (δm/m ∼ 10−6), high-precision mass
 measurements for fundamental studies require much higher precision. This is accomplished
 using narrowband FT-ICR detection, which uses a resonating detection circuit that is tuned
 to resonate near the frequency of the particular species being measured. Details of this
 detection technique are discussed in Section 2.4.
 As in TOF-ICR detection, the mass precision achievable with FT-ICR detection is in-
 versely related to the observation time. The masses of stable charged particles can there-
 fore be measured to extremely high precisions by observing their motion in the trap for
 very long time periods. Narrowband FT-ICR detection has been used in this manner for
 some of the most precise determinations of fundamental physical properties [2,27], including
 particle/anti-particle symmetries for tests of the CPT theorem [46–48] and electron g-factors
 for tests of QED and determination of fundamental constants [48,49], reaching fractional pre-
 cisions below 10−10.
 16

Page 31
						

The primary distinction of FT-ICR detection is that it is a non-destructive technique,
 meaning that ions are not lost during the detection process. The non-destructive nature of
 FT-ICR detection is central to the SIPT project introduced in Chapter 1 and discussed in
 detail in Chapter 5, as this will enable complete mass determinations with a single detected
 ion. SIPT will be used for radioactive ion measurements, limiting the observation time and
 therefore the precision. However, as shown in Section 5.1, precisions comparable to those
 obtained with TOF-ICR detection are expected with a well-designed detection circuit. This
 comes in exchange for the versatility offered by TOF-ICR detection, however, as a given
 resonator circuit will only be usable over a small mass range.
 PI-ICR detection uses a position-sensitive microchannel plate (MCP) detector. Ions
 ejected from the Penning trap at different points along their orbit will therefore show up
 at different locations on the position-sensitive detector. By varying the time for which ions
 are held in the trap and then tracking the change in location on the MCP, the frequency of
 the ions’ motion can be determined from the accumulated phase. In contrast to the TOF-
 ICR technique, the resolution of a PI-ICR measurement therefore depends not only on the
 measurement time but also on the resolution of the phase imaging. This inclusion of phase
 information has been shown to allow a factor of 40 improvement in mass resolution over
 TOF-ICR detection [43]. At LEBIT, a position-sensitive MCP has been purchased and first
 steps have been made to adapt the ion ejection optics to allow for commissioning of PI-ICR
 detection.
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2.3 TOF-ICR Technique
 TOF-ICR detection is a technique for measuring the cyclotron frequency of charged particles
 in a Penning trap by detecting the energy gained when magnetron motion is converted into
 modified cyclotron motion. As discussed in Section 2.1.3, this conversion can be achieved
 by applying a quadrupolar RF field at a frequency νRF that matches the trapped ions’ true
 cyclotron frequency νc.
 Because ω+ ω−, maximum energy gain is achieved with a full conversion from pure
 magnetron motion to pure modified cyclotron motion. To prepare the ions in an initial
 state of magnetron motion, LEBIT pioneered the use of a Lorentz steerer [50], which uses
 a transverse electric field immediately before injection into the Penning trap in conjunction
 with the 9.4-T magnetic field to create an ~E × ~B force, steering the ions slightly off of
 the central beam axis as they enter the Penning trap. Before a measurement, the electric
 field of the Lorentz steerer is scanned to determine how far off-axis the ions can be driven
 without reducing efficiency. The further off-axis the ions are injected, the larger their initial
 magnetron radius ρ and thus the greater the radial energy gain when the magnetron motion
 is converted to modified cyclotron motion. This can be seen simply from the difference in
 rotational kinetic energy
 ∆Er =1
 2m(ω2
 + − ω2−)ρ2. (2.9)
 Complete conversion from magnetron to modified cyclotron motion using a quadrupolar
 RF excitation requires the proper product of RF duration and amplitude, known as a π-
 pulse [40]. At LEBIT, the amplitude required for a π-pulse at a given RF duration has
 been calibrated by scanning the RF amplitude for a particular RF duration to find the
 maximum kinetic energy gain. This calibration is stored in the control system, so the user
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 Figure 2.5: Ions ejected from the Penning trap move through an axial magnetic field gradientas they travel to the MCP detector. This results in an axial kick proportional to the ions’radial energy, as demonstrated by Eq. (2.10).
 can now set the desired RF duration (based on considerations such as ion half-life and desired
 precision), and the control system uses the stored calibration to automatically calculate the
 RF amplitude needed for a π-pulse.
 To detect the change in radial energy, ions are ejected from the Penning trap and travel
 to an MCP detector just outside of the magnetic field. As shown in Fig. 2.5, ions moving
 from the strong magnetic field at the center of the magnet to the MCP outside the magnet
 will encounter a negative magnetic field gradient in the axial direction. A charged particle
 orbiting in the radial plane will therefore experience a force in the axial direction given by
 Fz = −µ(∂B
 ∂z
 )= −Er
 B0
 (∂B
 ∂z
 ), (2.10)
 where µ is the dipole moment of the orbiting charged particle with radial energy Er in a
 central magnetic field strength B0 [2]. This axial force causes ions with more radial energy to
 reach the MCP in less time, so the gain in radial energy is ultimately detected as a reduction
 in time of flight from the Penning trap to the MCP.
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 Figure 2.6: Example of a TOF-ICR resonance obtained by scanning the applied RFquadrupole excitation frequency and measuring the ions’ time of flight to an MCP detector.The red curve is a theoretical fit, the center of which corresponds the cyclotron frequencyνc.
 To determine the cyclotron frequency of a charged particle in a Penning trap, the fre-
 quency νRF of the applied quadrupole RF electric field is scanned around the ions’ expected
 cyclotron frequency νc. After each RF excitation is applied, ions are ejected from the Pen-
 ning trap and the time of flight to the MCP is measured. Then another ion or small bunch
 of ions is injected into the trap and the next νRF step is applied. When νRF = νc, the initial
 magnetron motion will be converted to modified cyclotron motion, and this gain in energy
 will be detected as a reduction in the time of flight. Plotting time of flight as a function
 of the applied νRF then reveals a substantial dip at νc, which is fit with a theoretical line
 shape [40] to determine the center. An example of such a resonance plot is shown in Fig 2.6.
 As seen in Eq. (2.1), the cyclotron frequency depends only on the ions’ mass, charge
 state, and the strength of the magnetic field. The charge state of the ions is known prior to
 trapping, however the magnetic field at LEBIT is known to decay over time at a rate of ∼10
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ppb/hr. To monitor the strength of the magnetic field at a high level of precision, each ion of
 interest measurement is immediately preceded and followed by measurements of a reference
 ion with a well-known mass. The reference ion frequencies are then linearly interpolated to
 determine the cyclotron frequency νc,ref of the reference ion at the time the ion of interest
 was measured. The magnetic field strength then cancels out when taking the ratio of the
 reference ion and ion of interest frequencies, and the mass of the ion of interest is determined
 from this ratio as
 m = mref
 (νc,ref
 νc
 )(q
 qref
 ). (2.11)
 Note that the masses in Eq. (2.12) refer to the masses of the measured ions; to determine
 the atomic mass of the ion of interest, the mass of missing electrons must be accounted for.
 In very high-precision measurements, the electron binding energies must also be accounted
 for, though these are typically only ∼10 eV and can therefore often be neglected.
 2.4 FT-ICR Technique
 The FT-ICR technique relies on picking up the image current created when ions oscillate
 inside a Penning trap, generating some time-varying image charge on the trap electrodes [42].
 While the time-domain signal generated in this manner may look quite complicated, particu-
 larly if multiple ion species are present or if there is a substantial amount of noise, this signal
 can be converted to a frequency-domain spectrum via Fast Fourier Transform (FFT) [51]. In
 the frequency domain, the detected ion frequencies will be plainly visible as distinct peaks,
 which can be fit to determine the frequency of the ions’ motion.
 For precision measurements, the number of ions in the trap typically must be limited to a
 few at a time or less in order to avoid systematic frequency shifts from ion interactions [52].
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Also, while it is desirable to excite the ions’ motion to large radii to increase the image charge
 detected on the trap electrodes, ions become more sensitive to field imperfections as they
 get closer to the trap electrodes, which will lead to frequency shifts as well and therefore
 limits how close the ions can get to the electrodes [2, 38, 53]. This means that precision
 measurements with FT-ICR detection require a high degree of sensitivity so that the image
 charge from very few (or even single) ions can be detected.
 The needed gain in sensitivity for precision measurements is accomplished using what is
 known as narrowband FT-ICR detection [2]. The principle of narrowband FT-ICR detection
 is illustrated in Fig. 2.7. The Penning trap electrodes used for image current pickup are
 connected in parallel with an inductor of inductance L to create an RLC resonator circuit,
 where the resistance R is the effective parallel resistance of the circuit and the capacitance
 C is a combination of the capacitance between the pickup electrodes and other parasitic
 capacitances from the wires, amplifier, etc. This RLC circuit will resonate at a frequency
 νcirc =1
 2π√LC
 , (2.12)
 so by choosing proper values of L and C the circuit can be tuned so that νcirc is approximately
 equal to the frequency of the ions’ motion to be detected. This tuned resonance circuit will
 enhance the ion signal, which is then further amplified and processed with an FFT algorithm
 for analysis.
 The detected ion motion depends on the multipolar configuration of the pickup electrodes
 in the same way as the driven ion motions described in Section 2.1.3. Dipole pickup, which
 is to say, differential image current pickup between opposite halves of the ring electrode,
 is shown in Fig. 2.7 and is used to detect the magnetron and modified cyclotron motions.
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 Figure 2.7: Schematic illustration of narrowband FT-ICR detection.
 Quadrupole pickup between adjacent quarters of the ring electrode is used to detect the
 sum frequency νc = ν+ + ν− when the ions’ motion is a mixed state of modified cyclotron
 and magnetron motions. In realistic cases, such pure multipole configurations are often
 only approximated, for instance if some ring segment electrodes are needed to drive the
 ions’ motion rather than for image current pickup or if an imperfect trap geometry is used.
 This means that the total image current signal may be divided between multiple frequency
 peaks including components from different multipolarities. An example of a single frequency
 spectrum including peaks at ν+ and νc is presented with the discussion in Appendix A on
 characterizing the MiniTrap magnetometer developed at LEBIT.
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Chapter 3
 The LEBIT Mass Spectrometer
 Facility at the NSCL
 The National Superconducting Cyclotron Laboratory (NSCL) is a world-class facility for rare
 isotope research located on the campus of Michigan State University (MSU). Rare isotope
 beams at the NSCL are produced by projectile fragmentation. Naturally abundant heavy
 ion primary beams are accelerated by two coupled superconducting cyclotrons to energies
 on the order of 100 MeV per nucleon. These fast primary beams are then impinged on a
 light, thin 9Be target. Protons and neutrons are knocked off of the primary beam nuclei in
 the resulting nuclear collisions, producing a cocktail beam containing a variety of different
 nuclides. The desired rare isotope species is then selected in-flight using the A1900 fragment
 separator [54], which uses a system of magnets and degraders to filter out the unwanted
 species.
 The projectile fragmentation method has a few important advantages compared to other
 rare isotope production methods. One such advantage is that this is a universal technique,
 equally applicable across the nuclear chart. Another advantage of projectile fragmentation
 is that it is a very fast process. Because a fast, heavy primary beam is used with a light, thin
 production target, the reaction products retain nearly all of their initial forward momentum.
 Beam purification is then performed in-flight, and as a result rare isotopes can be delivered
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Coupled Cyclotrons
 A1900 Fragment Separator
 Fast Beam Experiments
 Beam Stopping
 Low-Energy Beam Experiments
 Re-Accelerated Beam Experiments
 Re-Accelerator
 LEBIT
 Figure 3.1: Layout of the NSCL. Rare isotope beams from the A1900 are delivered eitherdirectly to fast beam experiments or to the beam stopping facility, from which stoppedbeams are sent to low-energy experiments including LEBIT or to the re-accelerator facil-ity for intermediate energy experiments. (Adapted from http://nscl.msu.edu/public/
 virtual-tour.html.)
 to experimental areas promptly from the time they are produced.
 Fast beams are excellent for studies of very short-lived nuclei or for many reaction studies,
 however they are not ideal for all experiments. Precision measurements such as collinear laser
 spectroscopy at BECOLA [55] or Penning trap mass measurements at LEBIT require stopped
 beams, and many reaction studies relevant for nuclear astrophysics or structure require rare
 isotope beams at low or intermediate energies. These energy regimes are also available at
 the NSCL thanks to the beam stopping facility described in the next section, which slows
 the fast beams delivered from the A1900 to thermal energies. These stopped beams can
 then either be delivered to the low-energy area including LEBIT and BECOLA or to the re-
 accelerater facility ReA3 [56], which accelerates beams to intermediate energies. The layout
 of the NSCL, including fast beam, stopped beam, and re-accelerated beam experiments, is
 presented in Fig. 3.1.
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The next-generation upgrade for rare isotope production at MSU, known as the Facility
 for Rare Isotope Beams (FRIB), is now well on its way to completion. FRIB will provide
 an enormous gain in beam power, increasing production rates across the nuclear chart and
 allowing access to a large number of rare isotopes far from stability that are currently un-
 available anywhere else in the world. This will present the opportunity for groundbreaking
 new rare isotope research and new discoveries. The current experimental areas at the NSCL,
 including LEBIT, will remain in use when FRIB comes online, simply taking beam from the
 new FRIB accelerator rather than from the current cyclotron facility. Thus all of the past
 and current developments that have made LEBIT a world-class facility for precise, accurate
 mass measurements of rare isotopes will make LEBIT well-prepared to take full advantage
 of the new scientific opportunities presented by FRIB.
 3.1 Beam Stopping at the NSCL
 In order to perform Penning trap mass measurements of rare isotopes from projectile frag-
 mentation, the fast rare isotope beams delivered from the A1900 must first be stopped so
 that the ions can be captured in the Penning trap. Most of the beam energy is initially
 lost by sending the beam through a system of solid degraders. The remaining energy is lost
 through collisions with neutral helium atoms in a helium-filled gas chamber developed at
 Argonne National Laboratory (ANL) and commissioned at the NSCL in 2014 [57]. A pic-
 ture of the ANL gas cell is presented in Fig. 3.2. Radiofrequency electric fields are used to
 repel ions from the walls of the gas chamber, and a combination of DC electric fields and gas
 flow are used to transport the ions through the gas cell. The low-energy rare isotope beam
 is then extracted through a radiofrequency quadrupole (RFQ) ion guide and delivered either
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Figure 3.2: Photo of the ANL gas cell used for beam stopping at the NSCL.
 to low-energy experiments such as LEBIT or to ReA3 for intermediate-energy experiments.
 Two major projects are currently underway to expand beam stopping capabilities at the
 NSCL. The Advanced Cryogenic Gas Stopper (ACGS) will operate at cryogenic temperatures
 of ∼40 K in order to freeze out much of the stable contamination present in the gas cell.
 This will provide much purer low-energy beams, alleviating much of the current difficulty
 associated with chemistry in the gas cell as discussed in Section 4.2.1. The ACGS is also
 designed to optimize efficiency even with very high incoming rates, in preparation for the
 high beam rates expected when FRIB comes online. ACGS is currently being commissioned
 and is expected to be operational for online beam experiments in the near future.
 The other major beam stopping project currently underway at the NSCL is the cyclotron
 gas stopper [58]. The cyclotron gas stopper also operates at cryogenic temperatures, but
 unlike the ACGS, ions in the cyclotron gas stopper move along a circular trajectory, spiraling
 inwards as they lose energy via collisions with neutral helium atoms. This spiral path
 provides an extended stopping distance, which will be especially useful for efficiently stopping
 light ion species. The cyclotron gas stopper will be installed in the NSCL beamline parallel
 to the ACGS so that either device may be used depending on which would be optimal for a
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Figure 3.3: Layout of the LEBIT facility. The functions of each major componentare described in the text. (Reproduced from https://groups.nscl.msu.edu/lebit/
 lebitfacility/index.html.)
 given experiment.
 3.2 Major Components of the LEBIT Facility
 A schematic overview of the LEBIT facility is presented in Fig. 3.3. Ions are delivered
 from the beam stopping facility or from either of two offline ion sources. A 90° electrostatic
 bender is used to direct ions from the desired source to the LEBIT cooler/buncher, which
 prepares short, low-emittance ion bunches for delivery to one of the Penning traps. Ion
 bunches are then either sent to the 9.4-T Penning trap for TOF-ICR measurements or to
 the 7-T Single Ion Penning Trap currently being commissioned for ultra-high sensitivity FT-
 ICR measurements. Each of the major components is discussed in detail in the following
 subsections.
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Figure 3.4: Photo of the Colutron ion source which produces stable and long-lived ions viaplasma or surface ionization.
 3.2.1 Offline Ion Sources
 LEBIT has two offline ion sources: a Colutron plasma ion source and a laser ablation source
 (LAS) [59]. These sources provide stable or very long-lived ions to LEBIT when rare-isotope
 beam is not being delivered from the gas stopping facility. In addition to being extremely
 valuable for system diagnostics and calibrations, these offline sources have also now been
 used for a number of high-precision offline measurements of scientific importance [60–67].
 A picture of the Colutron ion source is presented in Fig. 3.4. A tungsten filament is heated
 to produce electrons and is negatively biased to spark a discharge, ionizing gas atoms of the
 desired species which are introduced to the chamber with a leak valve. The filament can
 also be positively biased to provide alkali metal ions via surface ionization from impurities
 in the filament.
 A picture of the LAS is presented in Fig. 3.5. The laser ablation source uses a pulsed
 Nd:YAG Quantel Brilliant laser to produce 4 ns light pulses, which are then guided to a
 solid target of the desired source material. The laser irradiation results in the emission of
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 Figure 3.5: Photo of the laser ablation ion source at LEBIT.
 positive ions from the surface of the target, which are then electrostatically transported to
 the main LEBIT beamline.
 3.2.2 Cooler/buncher and Fast Electrostatic Kicker
 The LEBIT cooler/buncher is a 3-stage linear Paul trap used for final beam preparation
 before delivery to the Penning trap. Details can be found in [68], and a picture is presented
 in Fig. 3.6. In all three stages, radiofrequency quadrupole (RFQ) electric fields are used
 to confine ions in the transverse directions, and a buffer gas (typically helium) is used to
 cool the ions to thermal equilibrium with the gas. Some amount of a heavier gas, such as
 neon, is sometimes introduced through a separate leak valve to promote collision-induced
 dissociation of molecules to improve beam purity [69]. The first stage, the pre-cooler, has the
 highest buffer gas pressure (∼0.03 mbar) for fast ion cooling and uses an axial DC field to
 guide ions through. The second stage is referred to as the micro-RFQ and acts as a barrier
 between the first and third stages to allow differential pumping. This is a small-scale version
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Figure 3.6: Photos of the LEBIT cooler/buncher used to prepare cooled ion bunches fordelivery to the Penning trap. The pre-cooler and micro-RFQ are shown on the left, and thebuncher stage is shown on the right.
 of the pre-cooler and also uses an axial DC field to guide ions through to the next stage.
 The final stage is the buncher stage. In the buncher stage, a series of electrodes is used to
 shape the axial potential into a potential well to trap the ions. The continuous incoming
 beam is collected in the buncher for a set amount of time, and then the confining potential
 is switched to eject the collected ions in a short, sub-µs pulse. In this manner, the LEBIT
 cooler/buncher provides short, low-emittance ion bunches to the Penning trap for capture
 and measurement.
 Between the cooler/buncher and the Penning trap, a fast-switching electrostatic kicker
 is used to separate ions of different masses by their time of flight. Ions are ejected from
 the cooler/buncher with the same kinetic energy Ekin = 12mv
 2, so heavier ions will travel at
 slower speeds and thus will reach a given location at a later time than lighter ions. The kicker
 is generally held at a high potential to prevent ions from reaching the Penning trap. When
 ions of the desired mass reach the kicker, the potential is switched for a short period of time
 to allow these ions to pass, then switches back to high potential. The fast electrostatic kicker
 has a resolving power m∆m > 400, which is sufficient to prevent non-isobaric contaminants
 from reaching the Penning trap.
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Figure 3.7: The 9.4-T superconducting magnet (left) and hyperbolic Penning trap electrodestructure (right) used for TOF-ICR measurements at LEBIT.
 3.2.3 TOF-ICR Penning Trap
 TOF-ICR mass measurements, discussed in detail in Section 2.3, are carried out in the
 LEBIT Penning trap, which is housed in a 9.4-T superconducting magnet. Pictures of the
 TOF-ICR Penning trap electrodes and magnet are presented in Fig. 3.7. A series of drift
 tubes used for ion injection and ejection are mounted on either side of the Penning trap and
 sit inside the magnet bore. One of the final injection drift tubes is segmented to form a
 Lorentz steerer to prepare the ion in an initial state of magnetron motion, as described in
 Section 2.3.
 The LEBIT Penning trap uses a hyperbolic electrode geometry with additional compen-
 sation electrodes for ideal approximation of a true quadrupolar electrostatic potential [41].
 These compensation electrodes minimize frequency shifts due to the fact that the hyperbolic
 electrodes are finite in size and that holes in the end cap electrodes are required to allow the
 ions to enter and exit the Penning trap. The copper trap electrodes are plated with gold to
 minimize patch effects due to oxidation.
 An MCP detector is mounted in a Daly configuration [70] outside the 9.4-T magnet.
 Ions are guided towards a collector plate and create a cascade of electrons which are then
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 Ions to TOF-ICR
 trap
 Figure 3.8: Photo of the recently-commissioned SIPT beamline, used for ion transfer fromthe cooler/buncher to the 7-T SIPT magnet for FT-ICR measurements. Details on individualcomponents of this beamline are presented in Section 5.2
 detected on the MCP. A position-sensitive MCP was also recently installed downstream of
 the Daly configuration to begin testing of PI-ICR detection discussed in Section 2.2.
 3.2.4 SIPT
 A picture of the recently-added SIPT beamline is presented in Fig. 3.8. This branch of the
 LEBIT beamline is located after the cooler/buncher so that rare isotopes from the beam
 stopping facility or stable ions from either of the two offline ion sources can be used with
 SIPT. Cooled and bunched ions from any of these sources are then directed to either the
 9.4-T Penning trap for TOF-ICR measurements or the 7-T SIPT Penning trap for high-
 sensitivity FT-ICR measurements. The design and commissioning of SIPT are discussed in
 detail in Chapter 5.
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Chapter 4
 Mass Measurements of Neutron-Rich
 Cobalt Isotopes Beyond N=40
 The results presented in this chapter were recently published in Physical Review C [71].
 Portions of the text in this chapter and several of the figures presented here are reproduced
 from this reference. Additional details and discussion are included here as well.
 4.1 Motivation for Mass Measurements of 68,69Co
 4.1.1 Evidence for a Subshell Closure at N = 40
 The region of the nuclear chart near N = 40, Z = 28 has drawn much attention due to
 experimental signatures suggesting the arrival of a neutron shell closure at N = 40 in 68Ni.
 To understand and evaluate the meaning of these signatures, the quantum states predicted
 by the shell model in this region must be considered. A harmonic oscillator mean field
 alone predicts that 40 would be a magic number, completing the first four major harmonic
 oscillator shells. The inclusion of the spin-orbit interaction splits the energy degeneracy
 of orbitals within each shell and shifts the spacing between these orbitals. Of particular
 relevance here is the shifting of the g9/2 orbital, the lowest-energy level of the fifth harmonic
 oscillator shell, which comes down in energy far enough to join the pf -shell. This effect is
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 Figure 4.1: Single-particle shell model energy levels using a harmonic oscillator potentialplus an l2 interaction without spin-orbit interaction (left) and with spin-orbit interaction(right).
 depicted in Fig. 4.1. The additional 10 particles accommodated by the g9/2 orbital explains
 why 50, not 40, is the well-established magic number. The question of a potential shell or
 subshell closure at N = 40 is therefore a question of the spacing between this g9/2 orbital
 and the pf -shell.
 The evidence supporting a shell closure at N = 40 in 68Ni is presented in Fig. 4.2. A
 large first-excited 2+ state energy E2+ and a small transition strength B(E2; 0+ → 2+) are
 clearly apparent at N = 40 in the nickel chain [72–74]. These effects quickly disappear when
 moving away from nickel. Such evidence presents a compelling case for a substantial shell gap
 at N = 40 in 68Ni. However, as Grawe and Lewitowicz have pointed out [75], it is possible to
 account for the spectroscopic signatures presented in Fig. 4.2 purely because of the change in
 parity between the pf orbitals and the g9/2 orbital, even with no energy gap between them.
 Furthermore, Langanke et al. demonstrated that much of the low-lying B(E2) strength in
 68Ni comes from excited states above 4 MeV, and therefore the small B(E2, 0+g.s. → 2+
 1 )
 value does not necessarily require a significant energy gap across N = 40 [76]. To truly
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 Figure 4.2: First-excited 2+ state energies E2+ (top) and B(E2; 0+ → 2+) transitionstrengths (bottom) in the even-even nickel isotopes. All data taken from Ref. [74]. The largeE2+ and the small B(E2) values at N = 40 suggest a substantial shell gap.
 examine whether an energy gap does arise at N = 40 in the nickel region, the additional
 probe of mass measurements must be considered.
 4.1.2 Mass Measurements Around N = 40
 For nuclear structure investigations, trends in nuclear binding are studied using proton and
 neutron separation energies (Sp and Sn) [77], defined as the difference between the binding
 energies of a given nucleus and the nucleus with one fewer proton or neutron (or, equivalently,
 the amount of energy required to remove a single proton or a single neutron from a given
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nucleus). This is the nuclear analog of ionization energies in atomic science.
 To investigate a potential neutron (sub)shell closure at N = 40, neutron separation
 energies must be considered. Nuclear pairing effects [78, 79] create an odd-even staggering
 when plotting Sn as a function of neutron number, because removing a neutron from a
 nucleus with an even number of neutrons requires additional energy to break a pair of
 neutrons before one can be removed. In many cases, this staggering effect obscures the
 trends being investigated. It is therefore common instead to consider two-neutron separation
 energies (S2n), eliminating the odd-even staggering.
 Two-neutron separation energies can be expressed as a function of atomic masses:
 S2n(N,Z) = [m(N − 2, Z)−m(N,Z) + 2mn]c2, (4.1)
 where mn is the mass of a free neutron and c is the speed of light.
 A simple liquid-drop model of the nucleus would suggest that, for a given proton number
 Z, S2n steadily declines as a function of neutron number N . This can be found from the
 semi-empirical mass formula first presented by von Weizsacker in 1935 [80]. In reality, this
 general steady decline encounters numerous deviations, indicating the presence of additional
 structure effects. For example, the two-neutron separation energies are plotted as a function
 of neutron number for isotopic chains in the region from Z = 31 to Z = 50 in Fig. 4.3. In
 this figure, the neutron shell closure at N = 50 can clearly be identified from the fact that
 the S2n values drop very suddenly at N = 50 relative to the general decline. This is a result
 of the fact that adding neutrons beyond N = 50 results in filling a higher-lying neutron
 shell, from which the energy cost to remove two neutrons is significantly lower than the
 energy needed to remove neutrons from the lower shell. Other structure effects are visible in
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 Figure 4.3: Two-neutron separation energy S2n plotted as a function of neutron number Nin the region from Z = 31 to Z = 50. Data are taken from the AME2016 atomic massevaluation [1].
 Fig. 4.3 as well, such as the onset of deformation between N = 56 and 61 for the elements
 Rb (Z = 37) to Ru (Z = 44) [77].
 This tool of separation energies determined from mass measurements serves as an im-
 portant probe to examine the structure in the region of 68Ni. S2n is plotted as a function
 of neutron number for the elements iron (Z = 26) to copper (Z = 29) in the region around
 N = 40 in Fig. 4.4. While an effect as dramatic as the major N = 50 shell closure seen in
 Fig. 4.3 is not expected, a smaller subshell closure at N = 40 should be indicated similarly
 by a sudden drop-off in S2n when crossing N = 40. The observation of such an effect requires
 a relatively high degree of precision, with uncertainties ∼10 keV or better in this region to
 ensure that the trends are not obscured by the error bars.
 In recent years, online Penning trap mass spectrometry has provided such precise data
 extending beyond N = 40 in the nickel, copper, zinc, and gallium chains (Z = 28 − 31),
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 Figure 4.4: Two-neutron separation energy S2n plotted as a function of neutron number Nin the region around 68Ni. Data are taken from the AME2016 atomic mass evaluation [1].
 revealing no sign of a subshell closure across N = 40 [81, 82]. An odd kink is observed
 in the nickel chain at N = 39, which is not currently understood [81]. Measurements
 south of Z = 28 have so far been limited, however, due to the fact that iron (Z = 26)
 and cobalt (Z = 27) isotopes in this region are not available from ISOL facilities. As the
 only Penning trap mass spectrometer coupled to a fragmentation facility, LEBIT presents
 the unique opportunity to perform precise mass measurements of these elusive isotopes.
 A previous LEBIT campaign provided high-precision mass measurements of 63−66Fe and
 64−67Co, extending up to but not beyond N = 40 [83]. As can be seen in Fig. 4.4, the
 relatively large error bars beyond N = 40 in the iron and cobalt chains obscure the trends at
 the critical point of crossing N = 40. The first Penning trap mass measurements of 68,69Co
 were recently completed at LEBIT, substantially reducing the error bars from the AME2016
 values and enhancing the understanding of nuclear structure changes across N = 40 in the
 region near 68Ni.
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4.2 Experimental Procedure
 68Co and 69Co were produced at the NSCL by the fast fragmentation process described in
 Chapter 3. The coupled cyclotrons were used to accelerate a stable primary beam of 76Ge to
 an energy of 130 MeV/u, which then impinged on a thin Be target to induce fragmentation.
 Unwanted fragments were filtered out using the A1900 fragment separator, and the desired
 cobalt ions were delivered to the beam stopping facility. This experiment was carried out on
 two separate occasions approximately one year apart (hereafter referred to as “Run 1” and
 “Run 2”) due to poor efficiency through the gas cell during Run 1 (< 1% total efficiency),
 the cause of which was later traced to a floating electrode in the gas cell.
 Chemical interactions in the gas cell presented significant challenges which required a
 large amount of effort to mitigate in order to successfully complete the mass measurements.
 These challenges and the methods used to work past them are discussed in detail in the
 following subsection.
 4.2.1 Gas Cell Chemistry
 High purity helium gas (99.999%) was passed through a Monotorr purifier before use in the
 gas cell to minimize the amount of stable contamination present. Additionally, all elements
 inside the gas cell were prepared under ultra-high vacuum standards for this purpose. Still,
 some level of impurity has always been observed from the gas cell [57], presenting two
 important challenges for the 68,69Co experiment. First, as the radioactive beam passed
 through the gas cell, many of the ions of interest chemically bonded to stable contaminants,
 forming several molecules with different mass-to-charge (m/q) values (known as “molecular
 sidebands”). Following the gas cell, a dipole magnetic separator was used to select the
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desired m/q, so with the desired cobalt isotopes spread over multiple molecular sidebands,
 a significant portion of the already low beam rate was lost at any selected m/q value.
 The second challenge presented by contamination in the gas cell was that stable species
 at m/q = 68 and 69 came at significantly higher rates than the 68,69Co+ ions of interest,
 arriving at the Penning trap at a ratio of more than 100:1. The dipole cleaning method
 described in Section 2.1.3 was not sufficient to thoroughly remove contaminants at such
 high rates, so isobaric contaminants initially overpowered the signal from the cobalt ions.
 For reasons not currently understood, the stable contaminants identified from the gas cell
 changed between Run 1 and Run 2. Table 4.1 summarizes the differences between Runs 1
 and 2, including the stable contaminants identified in each case.
 The molecular sidebands were investigated by measuring radioactivity on a silicon beta-
 detector immediately after the dipole magnetic separator and scanning the strength of the
 magnetic field in the separator to determine the presence of radioactive ions as a function
 of m/q. The results of these scans for both Run 1 and Run 2 while sending 68Co into the
 gas cell are presented in Fig. 4.5. In an effort to break up stable molecular contaminants,
 a -150 V offset bias was applied to the gas cell extraction. This is a widely used technique
 known as collision induced dissociation (CID) [84–86], whereby energetic collisions with a
 buffer gas are used to induce fragmentation of molecular ions. It is clear from Fig. 4.5 that,
 during Run 2, a significant amount of 68Co2+ was present at higher molecular sidebands
 which broke up after the bias was applied. The relative amount of 68Co2+ extracted in Run
 1 was much lower than in Run 2, however a small peak at m/q = 34 was apparent after
 the bias was applied. Though this peak was much smaller than the peak at m/q = 68, the
 amount of stable contamination at m/q = 34 was also much less, so the lower rate of 68Co2+
 was acceptable in exchange for manageable levels of isobaric contamination.
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 Figure 4.5: Radioactivity observed as a function of the m/q value transmitted through thedipole mass separator for Runs 1 and 2. The effect of CID is seen by comparing the casewhere there is no bias applied to the gas cell extraction to the case where a -150 V offset isapplied. Note that m/q was scanned from high values to low in Run 1 and from low valuesto high in Run 2, hence the opposite directions of the decay tails.
 Though the contamination at m/q = 34 was much lower than at m/q = 68, some effort
 was still required to reduce the contamination so that a TOF-ICR resonance of 68Co2+
 could be achieved. A set of slits was used to cut out a portion of the beam immediately
 after the dipole magnet. The slit width and position were adjusted while monitoring the
 radioactivity observed on the silicon beta-detector in order to cut as much of the beam as
 possible without reducing the amount of 68Co2+. The dipole cleaning method described in
 Section 2.1.3 was used to remove known contaminants from the Penning trap. During Run 1,
 the additional step of SWIFT cleaning (described in the next subsection) was also required.
 In combination, these efforts were sufficient to obtain a TOF-ICR resonance of 68Co2+.
 The chemistry for 69Co was the same as for 68Co, so the dipole magnet was set to m/q =
 34.5 when 69Co was delivered from the A1900. For odd-mass isotopes like 69Co, measuring
 42

Page 57
						

doubly-charged ions is particularly helpful for reducing stable contamination because no
 singly-charged contaminants will arrive at half-integer mass values. In this measurement,
 the only contaminant identified in the Penning trap was the doubly-charged daughter 69Ni2+,
 which could easily be cleaned. Though the rate of 69Co2+ arriving at the Penning trap was
 extremely low (< 0.5 ions/s), a 69Co2+ TOF-ICR resonance could still be achieved thanks
 to the low level of contamination.
 4.2.2 SWIFT Beam Purification
 During Run 1, additional effort was needed to remove iosobaric contaminants from the
 Penning trap in order to obtain a 68Co2+ TOF-ICR resonance. Major beam components,
 such as 16O18O+, could be identified and removed from the Penning trap with the dipole
 cleaning method described in Section 2.1.3. However, a number of additional contaminants
 were present at a level too low to identify in the time allotted. To remove such contaminants,
 the Stored Waveform Inverse Fourier Transform (SWIFT) technique is used at LEBIT [87].
 This technique employs a broadband excitation with a tailored waveform to drive all ions
 within a user-defined mass band without driving the ion of interest. Unlike the dipole
 cleaning method, which requires specific identification of each contaminant in order to drive
 it at the correct frequency ν+, SWIFT will clean all contaminants within the set band and
 does not require identification of each one. The effect of SWIFT cleaning for this experiment
 is demonstrated in Fig. 4.6.
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Run 1 Run 2
 Species Measured 68Co2+, 69Co2+ 68Co2+
 68Co2+ Reference Ion 16O18O+ 34S+
 69Co2+ Reference Ion 39K+ N/A
 68Co2+ Detected Rate on MCP 0.2 counts/s 0.6 counts/s69Co2+ Detected Rate on MCP 0.2 counts/s N/A
 Total 68Co2+ Ions Detected 4779 23129
 Total 69Co2+ Ions Detected 4275 N/A
 CID Used? Yes Yes
 SWIFT Used?68Co2+: Yes 68Co2+: No69Co2+: No 69Co2+: N/A
 Number of 68Co2+ Resonances 7 10
 Number of 69Co2+ Resonances 5 N/A
 Beam Contaminants
 m/q = 68: m/q = 68:40Ar12C16O+ Unidentified
 40Ar14N+2
 12C41H4
 16O+
 12C31H2
 14N16O+
 +Unidentified
 m/q = 34: m/q = 34:16O18O+ 34S+
 +Unidentified 1H232S+
 1H33S+
 m/q = 69:Unidentified
 m/q = 34.5:69Ni2+ (daughter)
 Table 4.1: Comparison of conditions for Run 1 and Run 2.
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SWIFT Off SWIFT On
 68Co2+
 Time of Flight Resonance~500 ions
 Figure 4.6: Attempted TOF-ICR resonances of 68Co2+ with SWIFT off (left) and SWIFT on(right). A significant amount of unidentified stable contamination from the gas cell arrivedat m/q = 34, obscuring the resonance before SWIFT was turned on. The use of SWIFT toclean unidentified contaminants made this measurement possible.
 4.2.3 Isomer Investigations
 β-decay experiments have reported the existence of two β-decaying states in 68Co [88] and
 recently a second β-decaying state in 69Co as well [89]. In the past, LEBIT has on several
 occasions demonstrated the ability to resolve ground and isomeric states when the states
 are populated at roughly equal proportions in the fragmentation process [83,90,91]. This is
 marked by a signature double peak in the TOF-ICR resonance, as seen in Fig. 2 of Ref. [91].
 Because only a single peak in the TOF-ICR resonance was observed for both 68Co and 69Co,
 an additional step was implemented to examine which state was present in the rare isotope
 beam delivered to LEBIT.
 Before the cobalt ions from the gas cell were delivered to LEBIT, they were collected
 in front of a high-purity germanium (HPGe) detector. A schematic overview of the major
 experimental components from this experiment, including the HPGe detector, is presented
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 gas cell RFQ ion
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 9.4-T Penning
 trap systemMCP
 detector
 Figure 4.7: Schematic overview of the major experimental components used for this work.
 in Fig. 4.7. As the cobalt decayed, β-delayed γ rays were detected with the HPGe detector.
 The presence or absence of particular γ rays could then provide an indication of which
 β-decaying state was observed, as discussed in great detail in the analysis section of this
 chapter. Gamma spectra were attempted in this manner during Run 1, however the rates
 were too low to observe any of the peaks of interest (see Table 4.1 for rates observed in the
 Penning trap). The improved rates during Run 2 yielded a useful gamma spectrum for 68Co
 which is analyzed in Section 4.3.2. 69Co was not re-measured in Run 2 due to limited beam
 time.
 4.3 Results and Discussion
 4.3.1 Mass Measurement Results
 To account for magnetic field drifts, each cobalt measurement was preceded and followed
 by a reference measurement of a stable species with a well-known mass. The reference
 measurement frequencies were then linearly interpolated to determine the reference frequency
 at the time the ion of interest was measured. The effects of non-linear changes in the magnetic
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field were previously studied at LEBIT and shown to contribute to the overall systematic
 uncertainty only at a level of ∼ 10−10 [63], which is negligible for this measurement. To
 minimize systematic frequency shifts, it is best to choose a reference species with a mass-
 to-charge ratio similar to that of the ion of interest [39]. In Run 1, the stable contaminant
 16O18O+ arriving from the gas cell was used as a reference for 68Co2+, and 39K from the
 offline LEBIT thermal ion source was used as a reference for 69Co2+. In Run 2, high levels of
 sulfur were observed from the gas cell, representing the predominant source of contamination.
 The origin of this sulfur is unknown. 34S+ was therefore readily available as a reference ion
 for 68Co2+ on that occasion.
 After linear interpolation of the reference ion frequencies, the atomic mass of the ion of
 interest was then calculated from the ratio of the cyclotron frequencies of the two species
 using the equation
 m =[mref −
 qref
 e·me
 ]× q
 qref
 1
 r+ 2me (4.2)
 where r is the ratio νcνc,ref
 and e is the elementary charge. The ionization potentials of all
 species and the molecular binding of 16O18O+ are not included in these calculations as they
 are all < 20 eV and do not contribute at the level of uncertainty for this measurement [92].
 In Run 1, seven 68Co frequency ratios containing a total of 4779 68Co2+ ions were recorded
 with a weighted average r1 = 1.000641552(70). Two of these seven 68Co2+ measurements
 used a 25 ms RF excitation time, one used a 50 ms RF excitation time, and four used a
 100 ms RF excitation time. A near-unity Birge ratio [93] of 0.93(18) indicates that additional
 statistical effects are unlikely. In Run 2, ten 68Co frequency ratios containing a total of 23129
 68Co2+ ions, all excited with a 100 ms RF excitation time, were recorded with a weighted
 average r2 = 0.99987011(12). On this occasion the Birge ratio was 1.96(15), so the statistical
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Ion Run Number Reference Frequency Ratio Mass (u) ME (keV) AME2016 (keV) ∆ME (keV)
 68Co2+1 16O18O+ 1.000 641 552(70) 67.944 559 2(48) −51 642.8(4.4)
 −51 930(190)290(190)
 2 34S+ 0.999 870 11(12) 67.944 559 3(82) −51 642.6(7.6) 290(190)Average 67.944 559 2(41) −51 642.7(3.8) 290(190)
 69Co2+ 1 39K+ 1.130 267 90(24) 68.946 093(15) −50 214(14) −50 280(140) 66(140)
 Table 4.2: Measured frequency ratios, νc/νc,ref, calculated atomic mass and mass excess(ME) values, and their comparison to the values from 2016 Atomic Mass Evaluation. Dif-ferences in the mass excess values, ∆ME = MELEBIT −MEAME2016, are also listed.
 uncertainty was inflated by multiplication with the Birge ratio. This commonly-used Birge
 adjustment is valid in the case where all uncertainties are underrated by the same common
 factor, which is taken to be true for measurements of equal reliability. Five frequency ratios
 were recorded for 69Co, each using a 50 ms RF excitation time, with a weighted average
 r = 1.13026790(24) and a Birge ratio of 1.22(21). This statistical uncertainty has also
 been inflated by multiplication with the Birge ratio. Systematic effects such as minor trap
 misalignment in the magnetic field and deviations from a purely quadrupole electric potential
 result in small frequency shifts dependent on the mass-to-charge difference from the reference
 ion. These shifts have previously been evaluated at LEBIT and contribute only at a level of
 2.0× 10−10/(q/u) [62], which is negligible for all frequency ratios considered here. Taking a
 weighted average of the results from the two independent measurements of 68Co yields a mass
 excess of ME(68Co) = −51642.7(3.8) keV, and the mass excess of 69Co was determined to
 be ME(69Co) = −50214(14) keV. A summary of these results from LEBIT and comparison
 with the AME2016 values [1] is presented in Table 4.2.
 4.3.2 Level Assignment
 Before drawing conclusions from these results, the possible presence of isomers must be
 considered. As previously discussed in Section 4.2.3, a HPGe detector was used to obtain
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a spectrum of β-delayed γ rays from the decay of 68Co during Run 2. This spectrum is
 presented in Fig. 4.8. The γ rays from this spectrum were then compared with the current
 literature available for 68Co β decay [88,94,95]. While there is disagreement in the literature
 regarding the relative gamma intensities, there is agreement that decay from the low-spin
 state produces a 478 keV gamma ray and any production of 595 keV or 324 keV gamma rays
 are at very low intensities (< 1%). Decay from the high-spin state of 68Co, on the other
 hand, is associated with higher intensity production of the 595 keV and 324 keV gammas
 (∼ 32% and ∼ 38%, respectively) and no production of the 478 keV gamma ray. A simplified
 level scheme showing the relevant β-delayed gamma rays for the two β-decaying states of
 68Co is presented in Fig. 4.9. As shown in Fig. 4.8, the gamma spectrum collected as part of
 this work shows clear peaks at 595 keV and 324 keV, while no evidence of a peak at 478 keV
 is present. This demonstrates the presence of the high-spin beta-decaying state in 68Co, and
 does not support the presence of any of the low-spin beta-decaying state.
 It is worth noting that the absolute intensity of the 478 keV gamma in the low-spin state
 decay (∼ 6%) is substantially lower than the reported intensities of the 595 keV and 324 keV
 gammas in the high-spin state decay (∼ 32% and ∼ 38%, respectively). Additionally, the
 high-spin state has a shorter half-life than the low-spin state (0.23(3) s as compared to
 1.6(3) s) [88]. Accounting for the size of the peaks in the gamma spectrum, the detector
 efficiency at each energy, the relative intensities of each peak, and the expected decay losses
 from the gamma detector to the Penning trap, it was calculated that the low-spin state could
 have been present at a level just below detectability at the Ge detector and still been the
 dominating beam component at the Penning trap. These calculations are presented in detail
 in Appendix C. However, given that there is no positive evidence of a second state in the
 gamma spectrum or in the TOF-ICR resonance and the gamma spectrum shows compelling
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 Figure 4.8: The β-delayed γ-ray spectrum detected following the decay of 68Co. Dashedvertical lines mark the energies of γ rays known to follow primarily decay from only one ofthe two β-decaying states of 68Co. γ rays at 478 keV follow decay from the low-spin stateand γ rays at 324 and 595 keV follow decay from the high-spin state. The presence of clearpeaks at 324 and 595 keV and the lack of a peak at 478 keV suggest that the high-spinβ-decaying state of 68Co was measured in this experiment. Other peaks in the spectrumhave all been identified from either natural background radiation or 68Co decays commonto both β-decaying states.
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 Figure 4.9: Simplified level scheme showing the relevant β-delayed gamma rays for the twoβ-decaying states of 68Co. Circled gamma energies are those that signal the presence of onestate or the other, but not both. Energies are all given in keV. Based on data from [88,94,95].
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evidence for the presence of the high-spin state, we assume that this was in fact the state
 measured in the Penning trap.
 No 69Co2+ gamma spectra were obtained in this work. However, the (1/2−) beta-
 decaying state proposed by Liddick et al. [89] was only observed in 69Co when produced
 by beta decay from 69Fe. In that same experiment, 69Co was also produced directly by
 projectile fragmentation, and there only the shorter-lived 7/2− state was observed. As 69Co
 was only produced directly by projectile fragmentation in this work (albeit with a different
 primary beam) and only one state was observed here as well, we assume that the 69Co mass
 determination reported here corresponds to the 7/2− state.
 With these assumptions, we conclude that, in both 68Co and 69Co the one state measured
 in the Penning trap was the beta-decaying state with the higher spin. However, in both
 cases, the ordering of the beta-decaying states is still unknown. Mueller et al. proposed spin
 and parity assignments for the two states in 68Co based on angular momentum coupling
 of the two beta-decaying configurations in 69Ni with an f7/2 proton hole [88], which would
 suggest a high-spin (7−) ground state and a low-spin (3+) isomer. This argument follows
 the rules for angular momentum coupling of particle-hole configurations in odd-odd nuclei
 laid out by Brennan and Bernstein [96]. While others have suggested alternate spin and
 parity assignments for the low-spin state [94,97], none have yet offered any contradiction to
 this ordering.
 In the case of 69Co, one of the beta-decaying states is believed to be 7/2− based on the
 πf−17/2
 configuration observed in all other odd-A cobalt isotopes, and the other beta-decaying
 state proposed by Liddick et al. is described as a (1/2−) prolate-deformed intruder state
 attributed to proton excitations across the Z=28 shell as has been suggested for 65Co and
 67Co [98]. The (1/2−) state approaches the 7/2− ground state near N=40 and becomes
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isomeric, possibly even crossing the ground state, at 69Co. No comment on the ordering of
 these two states can be made in [89], but their separation is limited to <467 keV or <661 keV
 depending on the assumed strength of the unobserved M3 γ-ray transition.
 To shed light on the ordering of the β-decaying states in 68Co and 69Co, a team of
 many-body nuclear structure theorists was consulted to perform ab initio calculations us-
 ing the valence-space in-medium similarity renormalization group (VS-IMSRG) [99–103]
 framework based on two-nucleon (NN) and three-nucleon (3N) forces from chiral effective
 field theory [104, 105]. In particular, the SRG-evolved [106] 1.8/2.0 (EM) interaction from
 Refs. [107, 108] was used, which predicts realistic saturation properties of infinite matter
 and has been shown to reproduce well ground-state and separation energies from the p-
 shell to the tin isotopes [109, 110]. The Magnus formulation of the IMSRG [111] was then
 used to construct an approximate unitary transformation to decouple a given valence space
 Hamiltonian (and core energy) to be diagonalized with a standard shell-model code [112].
 Two different valence space strategies for cobalt isotopes were considered. The first
 used standard 0hω spaces for both protons and neutrons: for protons, the pf shell; for
 neutrons, the pf shell above a 40Ca core for N < 40, and the sdg shell above a 60Ca core
 for N > 40. These spaces allow for no neutron excitations at N = 40, so we know a priori
 that calculations in this vicinity will be unreliable. Since this is also the region of interest
 for the current measurements, a cross-shell p1/2f5/2g9/2 neutron space was also decoupled
 using a 52Ca core.
 With the p1/2f5/2g9/2 space, the ground state in 68Co was found to be a 2−, which
 agrees with the spin-parity of the low-spin beta-decaying state suggested by Flavigny et
 al. [94], though Flavigny et al. make no comment on whether this is the ground state. The
 calculations predict a large number of states below 1 MeV, so a definitive prediction of the
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ground-state is not possible given present theoretical uncertainties. In the case of 69Co, the
 ground state was calculated to be 7/2−, consistent with the surrounding odd-mass cobalt
 isotopes.
 It is clear that additional work is needed to clarify the orderings of the two beta-decaying
 states in 68Co. Mueller et al. suggest a high-spin ground state [88] while the VS-IMSRG
 calculations suggest a low-spin ground state, as is the case for the two odd-N cobalt isotopes
 just below N = 40. However, with the large number of close lying states, neither proposal is
 presented with a high degree of confidence. For the purpose of examining mass surfaces in the
 regions of 68Ni, the high-spin state of 68Co measured in this work is treated as the ground
 state. Should future work challenge this assignment, it is worth noting that the results
 presented in this work will still be valuable for a precise determination of the ground-state
 mass if the excitation energy of the isomeric state has been measured.
 4.3.3 Evaluation of Two-Neutron Separation Energy Trends
 The trends in S2n are presented in Fig. 4.10, showing the AME2016 data and results from
 this work. While the AME2016 data shows a fairly linear trend along the cobalt chain
 from N=39 to N=42, the new LEBIT data demonstrates a substantial (287 keV) reduction
 in binding at N=41, creating a small kink in the S2n chain which might suggest a minor
 subshell closure at N = 40. If the uncertain IMSRG prediction of a low-spin ground state
 is later proven to be accurate, suggesting the high-spin state measured in this work is the
 isomeric state, this kink will be reduced and the true S2n values will return towards the
 AME2016 values. The S2n value for 70Co (N=43) increases due to the decrease at N=41,
 however the mass of 70Co itself is still unmeasured, leaving a relatively large uncertainty on
 this point.
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 Figure 4.10: Two-neutron separation energies S2n plotted as a function of neutron numberN for isotopes of iron, cobalt, nickel, and copper. Green square points correspond to newcobalt values from this work and black circles correspond to data from AME2016 [1]. Pointsplotted with an x marker indicate values derived not from purely experimental data in theAME2016.
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To examine the N = 40 kink more quantitatively, the neutron shell gap parameter has
 also been calculated, defined as
 ∆N (N,Z) = S2n(N,Z)− S2n(N + 2, Z). (4.3)
 ∆N is plotted as a function of neutron number for iron, cobalt, nickel, and copper in
 Fig. 4.11 in the region of N = 40. While the new measurement of 68Co greatly reduces ∆N
 at N=41 in the cobalt chain, it also increases ∆N at N = 39 such that no relative peak is
 observed at N = 40. However, the high precision of the LEBIT results reveals a small but
 significant enhancement of ∆N at N=39, somewhat smaller than what can already be seen
 at N=39 in the copper chain and significantly smaller than the peak at N=39 seen in the
 nickel chain. While it does not make any sense from a shell model perspective to consider
 this a sign of a shell or subshell closure, this does seem to suggest some as yet unexplained
 behavior resulting in additional stability at N=39 in this region.
 Interestingly, the IMSRG calculations discussed previously capture this surprisingly large
 binding at N = 39 in the nickel chain. A comparison of the IMSRG calculations and
 the AME2016 data for the nickel chain in this region is presented in Fig. 4.12. IMSRG
 calculations performed within a single harmonic oscillator shell (using only pf shell for N ≤
 40 and sdg shell forN > 40) demonstrate significant underbinding and result in an unphysical
 discontinuity crossing N = 40. As mentioned above, this discontinuity is well understood
 to be due to the lack of allowed neutron excitations near N = 40, which is an artifact of
 this particular choice of valence space; indeed the binding is significantly improved for N <
 40, and the discontinuity across N = 40 disappears when a pf5/2g9/2 neutron space is used
 instead. Both cases capture the large binding at N = 39 observed in the AME2016 data.
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Chapter 5
 Development of a Single Ion Penning
 Trap Mass Spectrometer for Rare
 Isotopes
 5.1 SIPT Concept and Requirements
 The Single Ion Penning Trap (SIPT) relies fundamentally on the non-destructive narrowband
 FT-ICR technique discussed in Section 2.2, in which the cyclotron frequency of an ion
 in a Penning trap is determined by using a tuned resonator circuit to detect the image
 charge induced on the trap electrodes. However, the extension of this technique to a single
 radioactive ion presents a number of technical challenges which must be met to successfully
 achieve a complete mass determination.
 First, all of the technical requirements previously discussed for production and trapping of
 a radioactive ion are still applicable. This makes LEBIT an excellent location to house such
 a project, as it is already set up to take full advantage of the world-class beam production,
 isotope selection, and beam stopping facilities at the NSCL. By redirecting the ions to
 SIPT just before the 9.4-T TOF-ICR magnet, SIPT can also utilize the existing LEBIT
 cooler/buncher and offline ion sources. Still, the addition of SIPT to the LEBIT facility
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required the assembly of a new stretch of beamline and a new superconducting magnet
 within the limited space of the LEBIT room. Among other considerations, these space
 requirements mean that the beam must be directed around a 115° bend to reach the SIPT
 magnet. A discussion of the new SIPT beam transport system is presented in Section 5.2.
 Once the ions reach the Penning trap, a highly sensitive detection system is required
 to reliably detect the image charge created by a single, singly-charged ion. The relevant
 figure which must be optimized to achieve this goal is the signal-to-noise ratio S/N , which is
 the ratio of the root mean square (RMS) voltage signal generated in a narrowband FT-ICR
 detection circuit to the RMS Johnson-Nyquist noise [113]. This ratio is given approximately
 by
 S/N ∼ Nq
 (ρ
 ρ0
 )√ν
 ∆ν
 √Q
 kBTC, (5.1)
 where N is the number of ions, q is the ion charge, ρρ0
 is the radius of the ions’ orbit relative
 to the trap radius, ν∆ν is the ratio of the ion frequency and the spectral width, kB is the
 Boltzmann constant, and Q, T , and C are the quality factor, temperature, and capacitance
 of the detection circuit, respectively [2, 53]. The goal of SIPT is to obtain measurements
 with a single, singly-charged ion, thus fixing N and q. The ion and trap radii are chosen to
 maximize the induced image charge while keeping frequency shifts due to field imperfections
 and special relativity within acceptable limits; a detailed discussion of these considerations
 is presented in Section 5.3.1.2.
 The key to reaching adequate S/N for a single radioactive isotope therefore lies in opti-
 mizing the RLC detection circuit. In particular, the circuit quality factor Q, defined as
 Q =νcirc
 ∆νcirc(5.2)
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must be ∼1000 or greater. Achieving such a narrow circuit resonance requires a super-
 conducting inductor coil, so SIPT must be operated at cryogenic temperatures to keep the
 inductor coil below its critical temperature. Cryogenic operation provides the additional
 benefit of very low thermal noise, further improving S/N as demonstrated by the factor of
 1√T
 in Eq. (5.1).
 To test the feasibility of performing meaningful scientifc measurements with SIPT, sim-
 ulated data was generated in the time domain, Fourier transformed, and then fit with a
 Lorentzian function in the frequency domain. The achievable S/N for 100Sn (t1/2 ∼ 1 s)
 and 78Ni (t1/2 ∼ 0.1 s) was estimated using Eq. (5.1) with estimates for SIPT parameters
 shown in Table 5.1 and assuming an observation time of one half-life for each ion. Numer-
 ical pre-factors needed for Eq. (5.1) for a hyperbolic trap were taken from Ref. [53], which
 used the relaxation method to calculate the electric potential in this trap geometry. The
 simulated data consisted of sine waves of random phase with random noise generated at the
 relative amplitude required to obtain the expected S/N . The center frequency uncertainty
 of the Lorentzian fits was then used to determine the obtainable precision for a given S/N .
 The results of these simulations are presented in Fig. 5.1. Based on Eq. (5.1), the estimated
 S/N is around 1.5 in the time domain. While this number may sound low, the time domain
 S/N may be very small and still reveal a clear peak in the frquency domain provided the
 signal is sampled for a large number of periods. Using one half-life for the sample time, the
 simulated data produced clear, easily fit peaks in the FFT with S/N well below 0.1. As seen
 in Fig. 5.1, the obtainable precision is expected to be around 10−7 or better, which is more
 than sufficient for nuclear structure and nuclear astrophysics studies.
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 Table 5.1: Parameters used to estimate the achievable S/N for narrowband FT-ICR mea-surements with a single ion.
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 Figure 5.1: Frequency domain fit precision as a function of signal-to-noise ratio for simulatedsingle ion signals from 78Ni+ and 100Sn+
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 Figure 5.2: Layout of the major components of the new SIPT beamline.
 5.2 The SIPT Beamline
 A new section of beamline was built in order to transport ions to the SIPT Penning trap.
 It is important to recognize that this beamline was built in addition to, not in place of, the
 existing LEBIT beamline. In the new setup, ions will either be transported to the 9.4-T
 magnet for TOF-ICR measurements if rates are sufficiently high, or to the 7-T SIPT magnet
 for FT-ICR measurements when single ion sensitivity is required. The layout of the new
 SIPT beamline is presented in Fig. 5.2.
 To deliver ions to SIPT, a 25° spherical kicker diverts ions ejected from the LEBIT
 cooler/buncher to the SIPT beamline. Ions then follow a 115° cylindrical bender, which
 includes an electrostatic quadrupole doublet at each end and an additional electrostatic
 quadrupole singlet in the middle for transverse focusing. A picture of the bender with
 electrostatic quadrupoles is presented in Fig. 5.3. Following the 115° bend, ions follow a
 straightaway path to the 7-T magnet, which includes three Beam Observation Boxes (BOBs)
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Figure 5.3: 115° cylindrical bender, with integrated electrostatic quadrupole doublets oneach end and a quadrupole singlet in the middle for transverse beam focusing.
 for diagnostics and two einzel lenses for additional focusing. Beam trajectories from the
 kicker to the magnet were simulated in SIMION [114] to optimize the relative distances of
 these ion optical elements and to estimate the best focusing potentials. The simulated ion
 trajectories are presented in Fig. 5.4.
 The three BOBs along the straightaway section of the SIPT beamline are equipped with
 Faraday cups, MCP detectors, and phosphorus screens with viewing cameras to characterize
 the beam at each location. SIPT BOB1 immediately follows the 115° bender, SIPT BOB2
 sits between the two einzel lenses, and SIPT BOB3 is located just before the 7-T magnet. The
 MCP at SIPT BOB3 is situated in a Daly configuration to allow for TOF-ICR measurements
 with SIPT, as described in Section 5.3.1.4.
 A series of drift tubes are then used to guide the ions inside the magnet to the Pen-
 ning trap. These injection/ejection optics were designed both to inject ions from the SIPT
 beamline into the trap and to allow for reverse extraction to the Daly MCP for TOF-ICR
 measurements. The design for these drift tubes was based on the optics used for extraction
 from the 9.4-T Penning trap, with modifications to fit in the allowed space and to provide the
 focusing necessary for the MCP and deceleration for injection on the same voltage settings.
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Figure 5.4: Simulated ion trajectories through the SIPT beamline, from the kicker to the7-T SIPT magnet.
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Figure 5.5: Design drawing and photograph of the drift tube assembly used for ion injec-tion/ejection to/from the SIPT Penning trap.
 The design drawings and a photograph of the injection/ejection optics are presented side-by-
 side in Fig. 5.5. The second-to-last drift tube before the Penning trap (DT7) is subdivided
 longitudinally into four cylindrical arc segments centered on the x− and y− axes to create a
 Lorentz steerer [50] to control the initial magnetron radius of the ions in the Penning trap.
 5.3 The SIPT Penning Trap
 5.3.1 Spectrometer Design
 5.3.1.1 The SIPT Magnet
 SIPT uses a 7-T superconducting solenoid magnet from Oxford Instruments. Magnet specifi-
 cations as provided by the supplier are presented in Table 5.2. The magnetic field is created
 by running a nominal current of 205 amperes through niobium-titanium superconducting
 windings and operates at 4.2 K in liquid helium. Active shielding is employed to reduce
 the fringe field outside of the magnet. A 95 mm horizontal room-temperature bore provides
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Central Field 7.0 Tesla at 4.2 KMagnet Operating Current 205 Amperes (Nominal)Field Decay (72 Hrs Measurement) ≤ 50 ppb/hrLHe Refill Volume 122 ±10 LLHe Hold Time ≥90 daysLN2 Refill Volume 84 ±5 LLN2 Hold Time (Designed) ≥14 daysLN2Hold Time (Guaranteed) ≥10 daysBore Diameter 95 mm (+2 mm/-0 mm)Overall Length 985 mm ±2 mm
 Table 5.2: Oxford magnet specifications as provided by the supplier.
 experimental access to the central magnetic field.
 To slow liquid helium evaporation losses, the helium dewar is shielded from room temper-
 ature by a vapor-cooled shield and liquid nitrogen vessel. Liquid nitrogen is refilled weekly,
 and liquid helium is replenished approximately every two months.
 A superconducting switch was used to short-circuit the windings once the magnet was
 energized so that the magnet operates in true persistent mode. This results in excellent field
 stability over time, with a field decay of ≤ 50 ppb/hr. ICR frequency shifts due to magnetic
 field decay can be accounted for by taking occasional measurements of reference ions with
 well-known mass, as described previously for the current LEBIT system.
 Spatial uniformity of the magnetic field was studied to examine potential systematic
 frequency shifts due to axial trap vibrations caused by the cryocooler or magnetic field
 misalignment from the bore tube. These studies are presented in detail in Appendix B and
 show that these frequency shifts should be negligible for SIPT.
 5.3.1.2 Penning Trap Electrode System
 The electrostatic quadrupole potential required for axial ion confinement is generated by a
 set of precisely machined hyperbolic trap electrodes. Other Penning trap electrode geome-
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tries are possible, however the hyperbolic geometry provides the best approximation of a
 true quadrupole potential with finite electrodes [38]. This is a particularly important con-
 sideration for SIPT, because frequency shifts due to electric field imperfections become more
 pronounced as ions get closer to the trap electrodes, and image current detection requires
 that the ions be driven as close to the electrodes as possible.
 The design ultimately chosen for the SIPT Penning trap electrode system is based on
 the Penning trap currently used in the 9.4-T magnet for TOF-ICR measurements at LEBIT,
 but scaled down to 50% of the size. This reduction of the Penning trap size allows ions to
 get closer to the electrodes for better image current pickup without driving the ions to an
 excessively large radius, which would introduce frequency shifts due to special relativity. A
 study of frequency shifts due to special relativity effects is presented in Appendix B, and
 indicates that such effects should not be a concern for SIPT with this smaller trap size.
 The SIPT Penning trap design is presented in Fig. 5.6, and trap dimensions are presented
 in Table 5.3. Field imperfections due to the finite size of the end cap and ring electrodes
 are largely compensated by correction ring electrodes, and additional imperfections due to
 the small hole in the end cap needed to allow ions to enter and exit the trap are largely
 compensated by correction tube electrodes [41]. The SIPT ring electrode is segmented into
 eight identical pieces, allowing flexibility in the configuration of ring segments for driving
 and picking up the modified cyclotron and true cyclotron components of the ion motion.
 The SIPT trap electrodes are made of oxygen-free high thermal conductivity (OFHC)
 copper to ensure good thermal conductivity at cryogenic temperatures and plated with
 gold to reduce potential electric field irregularities due to patch effects. Sapphire insulators
 are used to maintain excellent thermal conductivity across the trap. Pictures of the SIPT
 electrodes before, during, and after assembly are presented in Fig. 5.7.
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2*z0
 2*ρ0
 aLCR
 2*ra
 αCorrection
 Tube BCorrection
 Tube A
 End Cap A
 b
 End Cap B
 Correction Ring B
 Correction Ring A
 Ring
 Figure 5.6: Design drawing of the SIPT Penning trap corrected hyperbolic electrode system.Trap dimensions given in Table 5.3.
 a (Height Endcap-to-Endcap) 28 mmb (Radial Width) 28 mm
 LCR 3.9 mmρ0 6.485 mmz0 5.59 mmra 2 mmα 54.74°
 Table 5.3: SIPT Penning trap dimensions (see Fig. 5.6.)
 Figure 5.7: SIPT Penning trap electrodes before assembly (left), partway through assembly(middle) and after assembly (right).
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5.3.1.3 Cryogenic System
 As discussed in Section 5.1, the SIPT detection system must operate at cryogenic tempera-
 tures in order to achieve single ion sensitivity. The niobium-titanium superconducting wire
 used for the SIPT inductor coil has a critical temperature of around 10 K, however this
 critical temperature decreases in strong magnetic fields. The expected critical temperature
 in the SIPT magnet is around 6 K. To reach this low temperature for the SIPT detection
 system, a series of studies were performed to determine the cooling power requirements
 considering radiative heat losses and conductive losses through wire leads to room tempera-
 ture [115]. Allowing for some uncertainty in these studies and possible provisions for future
 system changes, it was determined that 1.5 W of cooling power at 4 K should be more than
 sufficient.
 These cooling requirements are met by the PT415 cryorefrigerator with CP1110 helium
 compressor from Cryomech, Inc. Vendor specifications for this model are summarized in
 Table 5.4. This is a pulse-tube cryocooler, which has the highly important feature of no
 moving parts in the low temperature section of the device, resulting in very low vibrations,
 high reliability, and low cost of operation and maintenance compared to other cryocoolers.
 This model also has a remote motor option, which is important because the entire LEBIT
 system is biased to 30 kV during online experiments. The remote motor option allows the
 compressor package to remain at ground outside the LEBIT room, connected by transfer
 lines with a high-voltage insulating break to the cold head which is mounted to the SIPT
 magnet at 30 kV.
 The SIPT cryocooler includes two temperature stages. The first stage reaches temper-
 atures around 45 K and is thermally coupled to a copper shield which surrounds the lower
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Cold HeadCooling Capacity 1.5 W @ 4.2 K with 40 W @ 45 K
 Lowest Temperature 2.8 K with no loadCool Down Time 60 minutes to 4 K with no load
 Weight 55 lb (25 kg)Compressor Package
 Weight 420 lb (190.5 kg)Dimensions (L x W x H) 24 x 24 x 31 in (61 x 61 x 79 cm)
 Power Consumption @ Steady State 10.7 kW
 Table 5.4: Vendor specifications for PT415 cryorefrigerator with CP1110 helium compressorfrom Cryomech, Inc.
 temperature stage, blocking the sightline to the room temperature surroundings to reduce
 radiative heating. The second stage operates around 4.2 K, though it can reach as low as
 2.8 K with no load. This stage is thermally coupled to the key SIPT cryogenic compo-
 nents including the superconducting resonator circuit, cryogenic amplifier, and Penning trap
 electrodes.
 A diagram of the cryogenic stages of SIPT is presented in Fig. 5.8. The cold head sits
 inside the SIPT detection box, which mounts on the back end of the SIPT magnet. A long
 copper arm connects to the cold head and extends into the magnet bore to the cryogenic
 electronics, resonator circuit, and Penning trap. Inside the SIPT detection box, a copper
 box connects to the 45 K stage and surrounds the cold head, blocking the sightline from
 the 4.2 K stage to the room temperature surroundings. The 45 K stage also connects to a
 long hollow copper tube with a removable lid. This tube extends through the magnet bore
 and acts as both a 45 K shield and a bench to hold all of the experimental components that
 sit inside the magnet, including the cryogenic detection electronics, Penning trap electrode
 system, and the ion injection optics.
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7 T Magnet Bore
 45 K stage
 4 K stage
 Cryo Amplifier, Filters,
 NbTi Resonator
 Penning
 Trap
 Ions
 Figure 5.8: Overview of the SIPT cryogenic system components.
 5.3.1.4 TOF-ICR Detection
 SIPT was designed to allow standard TOF-ICR detection in addition to FT-ICR for mea-
 surements and optimization. Central to this flexible, multi-use design is the execution of
 reverse ion extraction. As in the 9.4-T Penning trap, ions delivered to SIPT pass through a
 set of injection optics including a Lorentz steerer [50], which prepares the ions in an initial
 magnetron motion in the Penning trap. A quadrupole RF drive is then applied to convert
 the slow magnetron motion into fast modified cyclotron motion. Unlike the 9.4-T system,
 however, ions in the SIPT trap cannot be ejected out the opposite side of the trap from
 which they were injected. Instead, when TOF-ICR detection is desired, the ions must be
 extracted in the same direction from which they entered the trap and pass through the same
 injection optics in the opposite direction, before they are detected on an MCP detector in a
 Daly configuration just outside the magnet bore at SIPT BOB3.
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𝑬𝑩
 Injection
 Daly collector off Lorentz steerer on
 Ions
 𝑩
 Ejection
 Daly collector on Lorentz steerer off
 Ionselectrons
 Figure 5.9: Conceptual overview of reverse ion extraction for TOF-ICR measurements withSIPT.
 The concept of TOF-ICR detection with reverse extraction is presented in Fig. 5.9. The
 key difference from the 9.4-T TOF-ICR setup, aside from changing the direction of the ions’
 motion after trapping, is that the Lorentz steerer voltages and the Daly collector voltage
 must be switched when the ions are ejected from the trap. On injection into the Penning
 trap, the Lorentz steerer should steer the ions off-center to prepare the initial magnetron
 motion. On ejection from the Penning trap, the Lorentz steerer must be switched to allow
 the ions to pass by without changing course. Conversely, the Daly collector should be set
 to allow ions to pass by unimpeded on injection, but must be switched to a more negative
 voltage on ejection from the Penning trap so that the ions are collected there for detection.
 5.3.1.5 FT-ICR Detection Circuit Design
 Single-ion FT-ICR detection requires careful circuit design consideration to create as strong
 of a signal as possible while minimizing noise. Certain stages of the circuit must also operate
 inside the 7-T SIPT magnet and at cryogenic temperatures, requiring additional design
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 RARE
 CTAECACRA
 CRBECBCTB
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 Cryo Amplifier
 Inductor
 “Hot”
 Gnd
 Tap
 Input
 Varactor Diodes
 Styroflex 100 pF
 CapacitorVdd
 Output
 G
 G2Var
 To detection box
 To detection box
 4K
 Figure 5.10: Schematic circuit diagram of the SIPT cryogenic filtering and detection elec-tronics.
 considerations to ensure performance does not degrade in this extreme environment. The
 detection electronics were purchased from Stahl Electronics due to their experience and
 expertise in electronics design and manufacturing for similar ion trap projects.
 A schematic of the SIPT cryogenic detection circuit is presented in Fig. 5.10. The image
 current detection scheme is determined by the wiring of the eight ring electrode segments (see
 the discussion of multipolar FT-ICR detection schemes in Section 2.4). For first tests of FT-
 ICR detection with SIPT, the trap has been wired for dipole pickup of ν+. Three adjacent
 ring segments were jumped together to provide ample electrode surface area for image current
 pickup. The three adjacent segments opposite the pickup segments were grounded for signal
 reference. In principle, a stronger ν+ signal could be obtained by using these segments for
 signal pickup as well and connecting the opposite sides of the trap to a differential amplifier,
 as is done for room-temperature FT-ICR pickup with MiniTrap. However, Stahl Electronics
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has found from past experience that the single-input cryogenic amplifier they provided for
 SIPT performs far better than their differential amplifiers, so only a single section of the
 trap ring is used for signal pickup. The remaining two ring segments are used for the RF
 signals needed to drive the ions’ motion.
 A tunable superconducting RLC resonator circuit is then used to improve the quality of
 the image current signal. The general form of Ohm’s law in an AC circuit is
 V = I ∗ |Z|, (5.3)
 from which it clearly follows that even a very small current source can generate a substantial
 voltage signal if the overall circuit impedance is sufficient. In a parallel RLC circuit, the
 absolute value of the impedance is given by
 |Z(ω)| = QωL√1 +Q2
 (ω2
 ω2circ− 1
 )2. (5.4)
 We can see from this equation that the maximum |Z|, and therefore the maximum voltage
 signal, is achieved when ω = ωcirc = 1/√LC. At this value, the impedances due to the
 circuit capacitance and inductance cancel each other out the only remaining impedance is
 the parallel resistance, given by
 |Z(ω = ωcirc)| = Rp = QωcircL =Q
 ωcircC. (5.5)
 Several important circuit design considerations follow from Eq. (5.5). First, when choosing
 L and C to match ωcirc with the expected ICR frequency, it is desirable to make L as large
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as possible and C as small as possible. Typically the total capacitance C, which includes
 the capacitance from the trap electrodes as well as stray capacitances from the wires and
 amplifier input, can be limited to ∼20 pF, requiring an inductance on the order of hundreds
 of µH for typical ν+ and νc values of singly-charged ions in a 7 T magnetic field.
 Eq. (5.5) also demonstrates that it is important to make the circuit quality factor Q as
 large as possible. To this end, a superconducting NbTi coil is used for the inductor, reducing
 the series resistance across the coil to zero when cooled below the critical temperature. By
 definition, a large Q means a narrow frequency response (Eq. 5.2), suppressing all noise
 outside this narrow band where the FT-ICR signal is expected.
 The center frequency of the resonator circuit must also be tunable to match the expected
 ICR frequency of the ion to be measured. The tunable range of a given resonator must cover
 several atomic mass units to ensure that a stable reference mass is available for magnetic
 field calibrations and to allow tuning through the beamline with an isotope closer to stability
 before switching to the isotope of interest. To achieve this, the cryogenic amplifier from Stahl
 Electronics is equipped with two gallium-arsenide high-Q varactor diodes in parallel at the
 input of the amplifier. These varactor diodes have a voltage-dependent capacitance, with a
 nominal range of 2.4 pF to 14 pF. This provides approximately a ±8% tuning range.
 The cryogenic amplifier utilizes state-of-the-art GaAs FET technology to provide low
 noise amplification at 4.2 K. The nominal linear voltage gain for the cryogenic amplifier is
 ∼11x. To minimize noise pickup on the wires, this amplifier is kept as close as possible to the
 Penning trap. It was tested by the manufacturer at temperatures of 4 K with no magnetic
 field and in magnetic fields up to 6 T at 10 K and demonstrated no loss of performance in
 these conditions.
 The output from the cryogenic amplifier is delivered by cryogenic coaxial cable to a room
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temperature A7-2 amplification module, also provided by Stahl Electronics. The amplifica-
 tion of this module can be set by the user in four discrete steps: 20x, 40x, 100x, or 200x. The
 A7-2 also provides stable, low-noise DC supply voltages to the cryogenic amplifier and moni-
 tors the biasing conditions. An internal PID loop adjusts the supply voltages as needed, and
 LED indicators provide feedback to the user to analyze possible malfunctions and cabling
 problems in the cryogenic region.
 5.3.2 Controls and Data Acquisition
 Initial tests of FT-ICR detection with SIPT used an SR1 audio analyzer from Stanford
 Research Systems to complete the FTT analysis. The time-domain signal from the room
 temperature amplifier was first sent to a low-noise frequency mixer, which subtracts a given
 local oscillator frequency from the entire signal. This frequency mixing shifts the ion signal
 to a much lower frequency, allowing high-resolution signal sampling with less data. The
 time-domain output of the frequency mixer was then sent to the SR1 for FFT analysis, and
 the frequency-domain output from the SR1 was saved to a LEBIT computer.
 For online beam experiments, it will not be desirable to use the SR1 because the data
 transfer rates are limited by the hardware and would introduce serious dead time in the
 measurement process. Instead, the time-domain signal from the room temperature amplifier
 will be delivered to a PXI-5114 oscilloscope from National Instruments, which currently pro-
 cesses the ion signals used for TOF-ICR detection at LEBIT. A near-term future project will
 be to write analysis code to process this time-domain signal. As most data in an extremely
 low-rate beam experiment will be devoid of any ion signal, an important component of this
 analysis code will be setting thresholds to determine in real time if an acquired signal con-
 tains ion signatures. Potentially useful data will be saved, and blank data will be deleted to
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SR1 Audio Analyzer
 Frequency Downconverter
 Local Oscillator
 Signal
 Time-Domain Analog Ion Signal from Room Temperature Amplifier
 Digital FFT Spectrum
 LEBIT Control Systemfor Analysis
 Frequency Downconverter
 Local Oscillator
 Signal
 Time-Domain Analog Ion Signal from Room Temperature Amplifier
 PXI-5114 Oscilloscope
 LEBIT Control Systemfor FFT and Analysis
 Digital Time-Domain Signal
 Offline Testing (Current) Online Experiments (Future)
 Figure 5.11: Flowcharts outlining the SIPT data acquisition process currently used for offlinetesting (left) and that envisioned for future online experiments (right).
 avoid taking up hard drive space. Ultimately this readback for FT-ICR data will be incorpo-
 rated into the Mass Measurement software package used for TOF-ICR live data acquisition.
 A flowchart outlining the data acquisition process currently used for offline testing and that
 envisioned for future online experiments is presented in Fig. 5.11.
 A description of the controls and data acquisition system currently used at LEBIT can
 be found in the appendices of Ref. [116]. SIPT controls have been incorporated into the
 LabVIEW-based server used to communicate with LEBIT hardware. This includes all of
 the beamline components such as power supplies, vacuum pumps, and gate valves, as well
 as the AFGs used to drive the ions’ motion and the AFG used as the local oscillator for
 the frequency mixer. Screenshots of the Qt-based user interface used for SIPT controls are
 presented in Fig. 5.12.
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Figure 5.12: Screenshots of the Qt-based user interface used for control of SIPT hardwaredevices including power supplies, AFGs, vacuum pumps, and gate valves.
 5.4 Offline Commissioning of the Single Ion Penning
 Trap
 5.4.1 Room Temperature Commissioning
 The first tests of the Single Ion Penning Trap were performed at room temperature, using
 stable 39K+ ions from the LEBIT thermal ion source to test ion transport, trapping, TOF-
 ICR detection, and broadband FT-ICR detection with a large number (∼1000) of trapped
 ions.
 The SIPT beamline components performed well as expected from the beam optics simu-
 lations discussed in Section 5.2. ∼95% ion transport efficiency was observed around the 115°
 bend (from BOB4 to SIPT BOB2) with minimal adjustment from the simulated electrode
 potentials. This transport efficiency was determined by comparing Faraday cup ion current
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 Figure 5.13: 10 ms TOF-ICR resonance of νc for 39K+ using reverse ion extraction from theSIPT Penning trap to the SIPT Daly MCP.
 measurements.
 The first trapped ions with SIPT were observed using the reverse extraction method
 discussed in Section 5.3.1.4. Ions were injected into the Penning trap, trapped for 40 ms, and
 then ejected in the same direction they entered and observed on the Daly-configuration MCP
 at SIPT BOB3. TOF-ICR detection was then demonstrated by applying an RF drive signal
 to a single ring segment for 10 ms, scanning the RF frequency around νc and measuring the
 time-of-flight to the Daly MCP. The resulting TOF-ICR resonance is presented in Fig. 5.13.
 To test FT-ICR detection at room temperature, the narrowband detection circuit was
 bypassed and the room temperature differential amplifier used for MiniTrap was connected to
 the trap pickup electrodes. The output of the amplifier was then sent through the frequency
 mixer and finally the SR1 audio analyzer was used for FFT analysis. A dipole image charge
 pickup scheme was used to detect the modified cyclotron motion. Once ions were trapped,
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 Figure 5.14: Demonstration of broadband FT-ICR detection with SIPT at room tempera-ture. The ion peak seen in this figure comes from picking up the image current generatedby the modified cyclotron motion of many (∼1000) 39K+ ions. The data presented here isthe average of five consecutive shots, each of which used a 256 ms acquisition time.
 an RF excitation was applied at ν+ to drive the modified cyclotron motion to a larger
 radius, pushing the ions closer to the trap electrodes to increase the image charge pickup.
 In this manner, a strong ν+ signal was observed in the frequency spectrum on the SR1. An
 example of the room temperature FT-ICR resonances obtained in this manner is presented
 in Fig. 5.14.
 5.4.2 Cryogenic Commissioning
 5.4.2.1 Cooling to 4 K
 Once room temperature detection was successfully completed, the next step was to incorpo-
 rate the cryogenic system required for single ion detection. As discussed in Section 5.3.1.3,
 the SIPT cryogenic system requires good thermal conductivity across the 4 K stage and
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SIPT 4 K Connection from Cold Head to Resonator Chamber
 SIPT 4 K Chamber (Houses Cryogenic Filters & Detection Electronics)
 Figure 5.15: SIPT 4 K stage wrapped in Mylar to reduce radiative heating from the sur-rounding 45 K stage. Two layers of Mylar wrapping were necessary to reach temperaturesof ∼4 K.
 thermal insulation from room temperature to ensure that the cryogenic components inside
 the magnet reach and maintain sufficiently low temperature. Particularly important is the
 NbTi resonator, which must remain below the critical temperature Tc (approximately 6 K
 in a 7 T magnetic field) to remain in a superconducting state. To test this, Cernox cryogenic
 temperature sensors were attached at various locations along the SIPT cryogenic stages to
 monitor the temperature after the cryocooler was turned on.
 On the first cool-down trial, the temperature at the center of the magnet (near the trap
 and resonator circuit) only reached 9.8 K, although the temperature at the cold head got as
 low as 7.1 K. To improve the thermal conductivity to the center of the magnet, Apiezon N
 cryogenic high-vacuum grease was applied to the joints where separate copper pieces join.
 To minimize radiative heating from the outer 45 K stage, the 4 K stage was wrapped in two
 layers of Mylar, with an insulating mesh layer separating the two layers of Mylar. A picture
 of the 4 K stage wrapped in Mylar is shown in Fig. 5.15. In combination, these changes were
 sufficient to allow the region at the center of the magnet to reach ∼4.5 K.
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Figure 5.16: 600 µH NbTi inductor coil (left) and NbTi inductor case (right) used for thehigh-Q SIPT FT-ICR detection circuit. The inductor coil consists of 194 turns of 250 µmNbTi wire with tubular Teflon coating wrapped around a Teflon core. The windings werethen covered by an additional layer of Teflon tape, which provides both mechanical supportand some additional amount of thermal conductivity.
 The cryogenic detection electronics were then installed. The NbTi inductor quality is
 diminished by the presence of non-superconducting metals, so the coil is wrapped around a
 PTFE bobbin and housed within a NbTi case. A PTFE screw is used to mount the bobbin
 to the resonator case. Apiezon N grease was applied at all junctions to improve thermal
 conductivity. Pictures of the NbTi inductor coil and case are presented in Fig. 5.16.
 The cryogenic amplifier and cryogenic filter board were mounted to copper backings in
 the region between the Penning trap electrode system and the NbTi resonator case. All of
 the wire connections from the 4 K stage for DC voltage application use constantan wire to
 minimize heat transfer from room temperature. These wires were run along 4 K surfaces and
 then 45 K surfaces before reaching the room temperature feedthroughs to keep the wires as
 cold as possible. RF signals require better electrical conductivity, so cryogenic coaxial cable
 (type CC-SR-10) was used for the connections from the output of the cryogenic amplifier
 and for the RF ion drive signals. A picture of the wired 4 K components is presented in
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 Filter Board
 Cernox Temperature
 Sensor
 Figure 5.17: SIPT 4 K chamber with all components mounted and wired (bottom). Thedesign drawing of this region is included for reference (top).
 Fig. 5.17.
 Once all cryogenic components were installed, wires were run to monitor the resistance
 across the inductor coil as the temperature dropped. As demonstrated in Fig. 5.18, after the
 trap region of the 4 K stage reached its minimum temperature, it took several more hours
 for the NbTi coil to cool below its critical temperature. After another 12 hours, however,
 this threshold was crossed and the resistance dropped to nearly 0 Ω. Residual resistance
 is most likely due to slight differences in the length of constantan wire leads connected to
 opposite ends of the inductor coil.
 5.4.2.2 Resonator Circuit Response
 The response of the resonator circuit was then tested at cryogenic temperatures by feeding
 in 20 mVpp noise over a 2 MHz bandwidth to one of the RF drive segments of the trap’s
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 Figure 5.18: Resistance across the NbTi inductor coil plotted over time alongside the tem-perature readings from the Cernox temperature sensors mounted on the cold head and theback of the SIPT Penning trap. Roughly 12 hours after the temperature sensors reachedtheir minimum values, the NbTi coil cooled below its critical temperature and entered asuperconducting state, as evidenced by the resistance drop to nearly 0 Ω.
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ring electrode. The output frequency spectrum was observed using the SR1 audio analyzer.
 Two unexpected difficulties were observed while testing the resonator in this manner. First,
 the combination of high magnetic field and low temperatures affected the quality factor of
 the varactor diodes used to tune the center frequency of the resonator. This greatly reduced
 the overall quality factor of the resonator when the varactor diodes were connected. Second,
 when the varactor diodes were disconnected to achieve a high quality factor, a very tall and
 narrow peak was observed right at the center frequency of the circuit. This peak appeared
 to be some sort of self-excitation of the detection electronics, as it remained even when no
 noise or driving signal was fed into the trap.
 Both of these difficulties have been temporarily mitigated to proceed with cryogenic
 testing, and potential long-term solutions have been examined as well. For initial cryogenic
 tests with SIPT, the varactor diodes have been disconnected and replaced with fixed-value
 high-Q polystyrene capacitors. The values of these capacitors were carefully selected to place
 the center frequency of the resonator circuit as close as possible to the expected ν+ frequency
 of 85Rb+, which is readily available from the LEBIT thermal ion source. Additional fine-
 tuning was accomplished by adjusting the trapping potential to shift ν+ according to Eq. 2.5
 so that ν+ is equal to νcirc.
 Stahl Electronics was contacted to discuss long-term fixes for the varactor diode issue as
 well. The response was that, although previous batches of these varactor diodes from the
 same manufacturer had not shown this issue, the current batch had shown similarly poor
 behavior elsewhere. The other group that experienced these issues found that the issue could
 be resolved by slightly elevating the temperature of the diodes. The Stahl team has therefore
 delivered a small, thermally insulated printed circuit board with additional varactor diodes
 and resistors for heating. The idea is that this board will be mounted on the 4 K stage
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near the cryogenic amplifier and slightly heated by the resistors until the varactor diodes
 are sufficiently warm that the high Q is restored. Of course, this relies on sufficient thermal
 isolation to ensure the NbTi inductor is not warmed to a point where superconductivity is
 lost. This will be tested in the near future. Another potential long-term solution for tuning
 the resonator circuit is to use a variable plate capacitor which is mechanically tuned by
 rotation using a 4-K piezo drive. This option would allow very high Q factors, but would
 also require more significant modifications to the current system.
 The resonator self-excitation peak was also found to be temperature-dependent, and it
 could be eliminated by slightly elevating the temperature of the entire 4 K stage using a
 heater resister mounted to the cold head without raising the temperature sufficiently high
 to destroy the superconductivity. Alternatively, the self-excitation peak could mostly be
 eliminated by turning off the A7-2 PID control of the cryogenic supply voltages and manually
 adjusting the auxiliary biasing voltage by a small amount. This could be a bit risky, however,
 as there is only a very small window over which the supply voltage eliminates the self-
 excitation peak and does not exceed the acceptable supply voltage range. Without the
 PID loop on, it is possible that slight temperature fluctuations could bring back the self-
 excitation peak or push the supply voltage into a range that degrades the cryogenic amplifier
 performance. Additional testing and experience will likely determine whether elevating the
 temperature or manually adjusting the cryogenic supply voltage is the better option for
 eliminating the self-excitation peak.
 For initial cryogenic testing, the temperature of the 4 K stage was elevated to ∼5.2 K to
 eliminate the self-excitation peak. The resonator response observed at this temperature on
 the SR1 is shown in Fig. 5.19. A very clear, narrow resonance peak is observed at a center
 frequency very near the expected ν+ frequency of 85Rb+, and the resonator Q factor found
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 Figure 5.19: Frequency domain response of the SIPT narrowband FT-ICR cryogenic de-tection circuit operating at ∼5.2 K. This very narrow frequency response corresponds to acircuit Q factor of 2785, which is greater than what is required for single ion detection.
 from fitting this peak with a Lorentz function is Q = 2785, exceeding the Q factor of ∼2000
 advertised by the manufacturer. With such a response, single ion detection should be well
 within reach.
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Chapter 6
 Summary and Outlook
 The first Penning trap mass measurements of 68Co and 69Co were completed at LEBIT, re-
 ducing the atomic mass uncertainties by more than an order of magnitude from the AME2016
 data, allowing for detailed studies of nuclear structure in the area near Z = 28 and N = 40.
 Although further studies are needed to definitively establish the ordering of the two β-
 decaying states in 68,69Co, no evidence for a substantial subshell closure across N = 40 was
 observed in the 27Co isotopes, consistent with S2n studies already completed for Z ≥ 28.
 In order to greatly extend LEBIT’s reach on the nuclear chart to exotic isotopes far from
 stability, the Single Ion Penning Trap has been developed. SIPT uses the non-destructive
 narrowband FT-ICR technique to allow complete mass measurements with a single ion. No
 such device has yet been employed at a rare isotope facility. When SIPT comes online, it
 will enable precise mass measurements of species far from stability where production rates
 are extremely low. This will provide a path to explore the role of magic numbers far from
 stability by exploring mass trends in the vicinity of magic and doubly-magic nuclei such as
 78Ni and 100Sn.
 A new Penning trap and accompanying beamline were designed and commissioned for
 SIPT at the LEBIT facility. TOF-ICR and broadband FT-ICR detection were demonstrated
 with great success at room temperature. A highly sensitive cryogenic resonating detection
 circuit was then added and tested. The detection circuit now demonstrates excellent behavior
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compatible with precision measurements at single-ion sensitivity.
 Single-ion FT-ICR detection with stable ions is expected in the coming weeks. The
 extension to radioactive species is then relatively straightforward, as SIPT is already set up
 to take full advantage of the beam production, stopping, and preparation facilities currently
 used for mass measurements with LEBIT at the NSCL.
 With the 9.4-T TOF-ICR Penning trap producing valuable scientific results like the cobalt
 measurements presented in this thesis and the 7-T SIPT system now being commissioned,
 LEBIT is very well positioned to extend its already well-established program of precise,
 accurate mass measurements of rare isotopes. As FRIB reaches completion in the next
 few years, LEBIT will be well-poised to take full advantage of the many opportunities for
 cutting-edge new rare isotope research.
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Appendix A
 Characterization of the MiniTrap
 Magnetometer
 LEBIT has previously demonstrated the ability to perform successful narrowband FT-ICR
 measurements with the development of the MiniTrap magnetometer [117]. MiniTrap is a
 cylindrical Penning trap currently housed in the 9.4-T LEBIT magnet just downstream from
 the primary LEBIT hyperbolic Penning trap and slightly off of the main beam axis. Rather
 than measuring rare isotopes delivered from the cyclotron facility or stable isotopes from one
 of the LEBIT offline sources, MiniTrap includes a self-contained electron gun which ionizes
 residual background gas to generate ions within the trap volume. FT-ICR resonances of these
 ions can then be used to track changes in the magnetic field at a high level of precision.
 The ultimate aim of this project is to eliminate the need to perform reference mea-
 surements in the main hyperbolic trap during online experiments. Instead, MiniTrap can
 be used to perform reference measurements of stable background gas ions simultaneous to
 rare isotope measurements in the main hyperbolic trap. This would provide two impor-
 tant advantages: tracking non-linear magnetic field fluctuations and making the most use
 of valuable beam time. The current system of alternating rare isotope measurements with
 reference measurements to track changes in the magnetic field relies on a linear interpolation
 between reference measurements to determine the magnetic field strength at the time of the
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rare isotope measurement. While non-linear changes in the magnetic field have been shown
 to contribute to the overall systematic mass uncertainty only on a level of ∼10−10 [63],
 MiniTrap could be used to eliminate this uncertainty altogether and monitor for unexpected
 spikes or anomalous field deviations. Perhaps more importantly, MiniTrap could eliminate
 the need to pause rare isotope measurements to take occasional reference mass measurements
 in the main hyperbolic trap. Online beam time at the NSCL is highly competitive and total
 operating costs are quite large, so eliminating the need to pause the delivery of rare isotopes
 to LEBIT during online operation would be a valuable contribution.
 MiniTrap was originally tested in an isolated environment and performed well, moni-
 toritoring magnetic field fluctuations at a relative precision of ∼10−8. H3O+ was identified
 as the primary residual gas component ionized by the MiniTrap electron gun. A screen-
 shot of an FFT spectrum from these first tests of MiniTrap, reproduced from Ref. [117], is
 presented in Fig. A.1. Frequency components from both the true cyclotron and modified
 cyclotron motions can be seen in this spectrum.
 Tests of MiniTrap in the 9.4-T LEBIT magnet
 When MiniTrap was moved to its current location in the 9.4-T LEBIT magnet, additional
 tests were required to determine the optimal parameters for producing, driving, and detecting
 ions in the new environment. Broadband detection was initially used to detect the ions’
 magnetron motion, and the modified cyclotron frequency was then determined with a dipole
 cleaning scan. The results of this scan are shown in Fig. A.2. When the ions’ modified
 cyclotron motion was excited at the correct frequency ν+, the ions were driven into the walls
 of the trap and lost, resulting in a reduction in the amplitude of the detected magnetron
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n+
 nc
 Figure A.1: A LabVIEW screenshot of FFT resonances of both modified cyclotron motion(left) and true cyclotron motion (right) of H3O+ ions measured with the MiniTrap magne-tometer using a broadband FT-ICR quadrupole detection configuration.
 signal.
 Next a series of “trap tuning” scans were performed. Keeping the trap depth U0 (the
 potential difference between the endcap and ring electrodes) fixed, the ratio of the endcap
 and ring electrode voltages was varied to determine the settings which best approximated
 a true quadrupolar electrostatic potential. For each voltage ratio, an RF excitation was
 applied near the modified cyclotron frequency ν+ and the frequency of the detected ν+
 signal in the FFT was recorded as a function of the applied RF excitation amplitude. As
 the RF amplitude increased, the ions were driven to larger radii. The results of these scans
 are presented in Fig. A.3. An endcap potential of 9.15 V and a ring voltage of -1.25 V
 were chosen because, at these settings, the measured frequency showed the least variance as
 the ions were driven to increasingly large radii, indicating a good approximation of a true
 quadrupolar electrostatic potential.
 The optimal frequency and amplitude for RF excitation of the modified cyclotron motion
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 Figure A.2: Results of the dipole cleaning scan used to determine the modified cyclotronfrequency ν+ of ionized background gas molecules in the MiniTrap magnetometer after itwas moved to its current location in the 9.4-T LEBIT magnet.
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 Figure A.3: MiniTrap tuning scans used to determine the optimal ratio between the endcapand ring potentials. The trap depth was held constant at 10.4 V. A ratio of 9.15 to -1.25between the end cap and ring potentials was found to produce the best approximation of aquadrupolar electrostatic potential because, at these settings, the measured ion frequencyvaried the least as the ions were driven to increasingly large radii.
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 Figure A.4: Amplitude (top) and center frequency (bottom) of the ν+ peak in the FFTspectrum as a function of the applied RF excitation frequency. The plots on the left wereobtained with a 200 mVpp RF excitation and the plots on the right were obtained with a150 mVpp RF excitation. The observed behavior is discussed in the text.
 were determined by measuring the frequency and amplitude of the FT-ICR signal at ν+ as
 a function of the RF frequency, as shown in Fig. A.4. When the RF amplitude was too
 large and the RF frequency matched ν+, the ion cloud was driven towards the walls of
 the trap, shifting the measured frequency and reducing the FFT amplitude. When the RF
 amplitude was set to a more appropriate value, the FFT amplitude was maximized when
 the RF frequency matched ν+ and the measured frequency remained constant over a wide
 range of applied RF frequencies in the vicinity of ν+.
 A new resonator circuit also had to be built for narrowband FT-ICR detection with
 MiniTrap in the 9.4-T LEBIT magnet. In fact, two new resonator circuits were built, one
 for detection of the modified cyclotron motion and one for detection of the true cyclotron
 motion. The modified cyclotron motion detection circuit is wired for dipole pickup and tuned
 to resonate near ν+, while the true cyclotron motion detection circuit is wired for quadrupole
 pickup and tuned to resonate near νc. The two resonators can easily be exchanged to switch
 between detection of the two motions. Unlike SIPT, the MiniTrap resonators are non-
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 Figure A.5: Frequency domain response of the MiniTrap room temperature resonant circuitused for narrowband FT-ICR detection of the true cyclotron motion of trapped H3O+ ions.
 superconducting and operate at room temperature. The frequency domain response of the
 true cyclotron motion detection circuit is presented in Fig. A.5. This resonator has a quality
 factor Q of ∼82. The center frequencies of the MiniTrap resonators can be adjusted by hand
 with a rotary variable capacitor.
 MiniTrap Status
 After the initial development and successful testing of MiniTrap documented in Ref. [117],
 MiniTrap was installed at its intended location in the 9.4-T LEBIT magnet. FT-ICR signals
 have been observed from H3O+ ions at ν−, ν+, and νc, and new resonator circuits were built
 for narrowband detection of the modified cyclotron and true cyclotron motions. Optimal
 settings for FT-ICR detection have been determined from an extensive series of parameter
 scans.
 Recent attempts to benchmark MiniTrap’s ability to monitor magnetic field fluctuations
 against measurements with the main TOF-ICR trap proved less successful than the previous
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tests (which were conducted in a more isolated environment), tracking the magnetic field
 only at a relative precision of ∼10−6 due to shot-to-shot frequency variations. Tests are
 currently underway to identify the causes of these variations and eliminate the causes or
 mitigate the effects to achieve the higher level of precision required for scientific use.
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Appendix B
 Evaluation of Systematic Frequency
 Shifts for SIPT
 Magnetic Field Uniformity
 Spatial uniformity of the magnetic field must be considered to ensure that any systematic
 frequency shifts due to field inhomogeneity are negligible. In particular, we consider two
 possible effects: shifts due to trap vibrations caused by the cryocooler, and shifts caused by
 misalignment between the trap axis and the magnetic field. The former can be estimated by
 ∆νcνc
 =dBrel
 dZ∆Z (B.1)
 where ∆νcνc
 is the relative frequency shift,dBrel
 dZ is the gradient of the relative magnetic field
 strength, and ∆Z is the peak-to-peak amplitude of the trap vibrations. The Oxford magnet
 specifications indicate that the on-axis field homogeneity over a distance of ±40 mm from
 the center of the magnet is < 3.75 ppm. Conservatively taking this inhomogeneity to be
 4 ppm over just the central 10 mm of the magnet, this gives a worst-case field gradient
 of 4 × 10−7/mm. The SIPT cryocooler, discussed in detail in Section 5.3.1.3, does not
 provide numbers for the expected oscillation amplitude. However, similar two-stage pulse
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Figure B.1: Illustration of the misalignment angle θ between the magnetic field and thePenning trap axis.
 tube cryocoolers specify expected peak-to-peak amplitudes less than 20 µm, leading to a
 frequency shift of less than 8 ppb, which is below the level of precision expected for SIPT.
 Furthermore, these shifts will average out for measurements longer than 17 ms because the
 cryocooler cycle is 60 Hz.
 The potential angular misalignment of the bore axis and the magnetic field, illustrated
 in Fig. B.1, must also be considered. The Penning trap axis is aligned to the axis of the
 40-K copper cylinder which houses all of the experimental components to be inserted into
 the magnet bore, and this cylinder is in turn aligned to be coaxial with the magnet bore.
 Thus an angular misalignment between the magnetic field and the bore axis would also lead
 to the same misalignment with the Penning trap axis, which will systematically shift the
 cyclotron frequency νc. This shift ∆νc can be approximated by
 ∆νc ≈ ν−
 (9
 4θ2 − 1
 2ε2)
 (B.2)
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Figure B.2: Frequency ratio shifts due to misalignment between the Penning trap axis andthe magnetic field as a function of ion mass, assuming a 6 u mass difference between the ionof interest and the reference ion.
 where θ is the magnetic field misalignment as shown in Fig. B.1, ε is the trap ellipticity
 parameter, and ν− is the ion magnetron frequency [53]. The frequency ratio between the
 ion of interest and the reference ion used for the final mass determination will then shift by
 ∆R =νc,1νc,2−νc,1 + ∆νc
 νc,2 + ∆νc. (B.3)
 Assuming any trap ellipticity is negligible, ∆R was calculated over a wide range of mass
 values and for a variety of misalignment angles θ. The results are presented in Fig. B.2.
 Here we have used an extreme case where the mass difference between the ion of interest
 and the reference ion is 6 u (any larger difference most likely could not be supported by a
 single resonator). The specifications provided for the Oxford magnet indicate an angular
 alignment uncertainty of 0.5°. As we see from Fig. B.2, a 0.5° misalignment would result in
 mass shifts just slightly below 10−7.
 To check the actual angular alignment between the magnetic field and the bore tube, an
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NMR probe was used to measure the magnetic field at a series of points along the axial planes
 ±4 cm from the center of the magnet, at a radius of 2.5 cm. These data were then used to
 construct a set of radar plots, which are presented in Fig. B.3. From this, the center of gravity
 was calculated and a shift of only ∼0.0002 mm was found, corresponding to a misalignment
 angle of θ ∼ 0.002°. As seen from Fig. B.2, any shifts in the mass determination from this
 tiny misalignment are well below the relevant level of precision expected for SIPT.
 Additional frequency shifts could be introduced from imperfect machining or misalign-
 ment of the SIPT Penning trap axis and the 40-K copper bore tube insert. These shifts
 will be evaluated experimentally once SIPT is operational. If necessary, these shifts can be
 compensated by introducing ellipticity to the trap according to Eq. (B.2).
 Special Relativity Effects
 Relative shifts in the modified cyclotron frequency due to special relativity are given by
 ∆ν+
 ν+= −1
 2
 (qB
 mc
 )2
 ρ2+ (B.4)
 where c is the speed of light and ρ+ is the radius of the modified cyclotron motion [38].
 Using this equation, frequency shifts from special relativity were calculated for ions of various
 masses in a 7-T magnetic field as a function of ρ+. The results are plotted in Fig. B.4. The
 inner radius of the SIPT Penning trap electrode system is 6.485 mm, and the simulated data
 used in Section 5.1 demonstrated that single ion mass measurements are possible with SIPT
 assuming a radius of 0.5ρ0 ≈ 3.2 mm. It is clear from Fig. B.4 that, even for relatively light
 ions, frequency shifts due to special relativity at this radius are below 10−7 and therefore are
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 Figure B.3: Radar plots of the magnetic field strength in the SIPT magnet determined fromNMR measurements after the magnet was energized.
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Figure B.4: Relative modified cyclotron frequency shifts due to special relativity plotted asa function of modified cyclotron radius ρ+ for ions of various masses in a 7-T magnetic field.
 unlikely to be relevant at the level of uncertainty expected for SIPT. Moreover, any special
 relativity shifts will largely cancel out when an ion of similar mass is used for calibration.
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Appendix C
 Limiting Case Ratio of 68Co
 β-Decaying States
 As seen in Fig. 4.8, the 68Co gamma spectrum shows clear peaks at 595 keV and 324 keV
 (associated with decay from the high-spin state) and no clear peak at 478 keV (associated
 with decay from the low-spin state). The goal of the following calculations is to determine,
 based on the number of counts observed in the gamma spectrum, a limiting case for what
 fraction of the 68Co observed at the Penning trap during the mass measurement could have
 been the low-spin state.
 The upper limit of the peak area for the unobserved 478 keV gamma was determined
 using the method presented in Ref. [118]. The probability of having a peak area a value
 greater than A is
 α =
 ∫ ∞A
 g(a) da. (C.1)
 For a mean background value B0 with standard deviation σB , the function g(a) can be
 approximated as
 g(a) = Ne−(a−a)2/2σ2
 √2πσ
 (C.2)
 where a = C − B0, C is the number of counts in the spectrum over the relevant region,
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σ2 = σ2B + C, and N is a normalization constant such that
 ∫ ∞0
 g(a) da = 1. (C.3)
 A linear fit was used to estimate the background over the relevant region from 360-
 660 keV, and the data in the regions from 473-483 keV, from 500-520 keV, and from 550-
 630 keV were excluded from the background fit so that the peaks in these regions would not
 affect the background determination. The resulting fit was integrated over the region from
 473-483 keV to determine the background for the unseen 478 keV peak. The background was
 found to be B0 = 1197, with an uncertainty σB = 50. The total number of integrated counts
 over this region is C = 2333. Using these numbers, Eq. (C.1) was then solved numerically
 with α = 0.32, corresponding to 68% (1σ) statistical confidence, and the upper limit was
 found to be A = 1169.
 This was then compared with the 595 keV peak, which includes 2383 total counts in the
 region from 590-600 keV and a background of B0 = 788 with an uncertainty σB = 56. For a
 lower limit on the number of counts in this peak with 1σ confidence, α was set to 0.68, and
 the lower limit was found to be A = 1560.
 For an incoming rate r, the production rate of 68Co is given by
 dN
 dt= r − λN. (C.4)
 Solving this differential equation gives
 λN = r(1− e−λt). (C.5)
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At time t = 0, there is no activity. As t goes to infinity, the activity approaches r, and an
 equilibrium is reached where the rate of decay is equal to the incoming rate. The gamma
 spectrum used for this work was collected for 2823 s, which is a very long time compared to
 the half-lives of the high-spin and low-spin β-decaying states of 68Co (0.23(3) s and 1.6(3) s,
 respectively [88]) so the equilibrium case can be used to determine the number of decays for
 the low-spin state (state 1) and the high-spin state (state 2) in some amount of time t:
 N1 = r1t (C.6)
 N2 = r2t (C.7)
 To determine the expected number of detected gammas at 478 keV and at 595 keV, the
 number of decays from each state must be multiplied by the absolute intensity I, the detector
 efficiency at that energy εdet(E), and the geometric efficiency εgeo. Taking the ratio of the
 number of expected gammas at each energy, the geometric efficiency cancels out, leaving
 N478
 N595=N1
 N2
 I478
 I595
 εdet,478
 εdet,595=r1r2
 I478
 I595
 εdet,478
 εdet,595. (C.8)
 The only reported intensity for the 595 keV gamma coming from decay from the high-spin
 state is 32% [88]. The only absolute intensity reported for the 478 keV gamma is 6% [95],
 which gives a relative intensity of 12% compared to the 2033 keV gamma, which is fairly
 consistent with the relative intensities of 11% and 16% reported in Refs. [88,94].
 The detector efficiency was calibrated using 152Eu, 133Ba, 60Co, 137Cs, and 22Na sources.
 The efficiency at 444 keV was found to be 0.045(5), and the efficiency at 662 keV was found
 to be 0.044(4). Note that these efficiencies include some unknown geometric factor, however
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as only the ratio is relevant for this discussion the geometric factor is unimportant. These
 two efficiencies demonstrate that any difference in detector efficiency between 478 keV and
 595 keV should be negligible. Furthermore, the detector efficiency reaches its maximum
 value <300 keV, so if anything the detector efficiency should be lower for the 595 keV peak
 than the 478 keV peak, which would indicate the presence of more of the high-spin state. As
 these calculations aim to determine an upper limit on the amount low-spin state that could
 have been present, it is therefore safe to take εdet,478 ≈ εdet,595. Solving Eq. (C.8) for the
 ratio r1/r2 then gives
 r1r2
 =N478
 N595
 I595
 I478(C.9)
 and the upper limit is then
 r1r2
 <
 (1169
 1560
 )(0.32
 0.06
 )= 4. (C.10)
 This indicates that, although there is no clear indication of a peak at 478 keV from
 decay of the low-spin state of 68Co, it is possible that the low-spin state could have still been
 present at a rate as high as four times the rate of the high-spin state. This ratio becomes even
 more extreme when considering decay losses in the Penning trap, as the high-spin state has a
 significantly shorter half-life than the low spin state(0.23(3) s and 1.6(3) s, respectively [88]).
 As discussed in Section 4.3.1, the RF excitation time was not the same in all measurements,
 however the majority of the measurements used a 100 ms RF excitation. This is also the
 longest excitation time used, and therefore works for the limiting-case scenario. An additional
 20 ms of dipole cleaning time was used, for a total of 120 ms in the Penning trap. The final
 limiting-case ratio is then
 r1r2
 <
 (r1r2
 )0
 e−λ1t
 e−λ2t= (4)
 e−ln(2)∗(0.120 s/1.6 s)
 e−ln(2)∗(0.120 s/0.23 s)≈ 5. (C.11)
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The 68Co TOF-ICR resonances obtained in this work therefore could have included up to
 five times as many low-spin ions as high-spin ions. It is still therefore highly uncertain which
 state was measured in this work. Given that the gamma spectrum shown in Fig. 4.8 shows
 clear evidence that the high-spin state was present at the germanium detector and there is
 no positive evidence that the low-spin state was present, the measured state is still currently
 believed to be the high-spin state, but any future work based on these results should be
 aware of these assumptions and the associated uncertainty in the state assignment.
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