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ABSTRACT

MASS MEASUREMENT OF THE LIGHTWEIGHT SELF-CONJUGATE NUCLEUS
ZIRCONIUM-80 AND THE DEVELOPMENT OF THE SINGLE ION PENNING TRAP

By

Alec Scott Hamaker

An atom’s mass provides a unique probe to the various interactions occurring within

its nucleus. Hence, precise atomic mass measurements are fundamental for nuclear physics

research. Penning trap mass spectrometry (PTMS) is currently the most precise method

for performing these measurements. The Low Energy Beam and Ion Trap (LEBIT) Facility

at the National Superconducting Cyclotron Laboratory (NSCL) uses PTMS to measure the

masses of rare isotopes produced via projectile fragmentation. In this work, mass measure-

ments of 80-83Zr and the development of the single ion Penning trap, both performed at the

LEBIT facility, are presented.

Protons and neutrons in the atomic nucleus move in shells analogous to the electronic

shell structures of atoms. The nuclear shell structure varies due to changes of the nuclear

mean field with the number of neutrons N and protons Z. These variations can be probed

by measuring mass differences between nuclei. The N = Z = 40 self-conjugate nucleus

80Zr is of particular interest as its proton and neutron shell structures are expected to be

very similar, and its ground state is highly deformed. Here, evidence for the existence of a

deformed double-shell closure in 80Zr is presented through precision mass measurements of

80-83Zr. The measurement shows that 80Zr is significantly lighter, and thus more strongly

bound than predicted. This can be attributed to the deformed shell closure at N = Z = 40

and the large Wigner energy. A statistical Bayesian-model mixing analysis employing several

global nuclear mass models demonstrates difficulties reproducing the observed mass anomaly



using current theory.

To refine the deformed shell closure, high-precision mass measurements in the 80Zr region

are needed, which will be made possible with next-generation radioactive ion beam facilities

such as the Facility for Rare Isotope Beams (FRIB) and higher sensitivity mass measurement

techniques. Current PTMS techniques used for rare isotope mass measurements are destruc-

tive. While these methods are flexible, they require a significant number of detected ions

(∼ 100 ions). The most exotic isotopes, however, may only be delivered at rates on the order

of one ion per day, making mass measurements with the destructive techniques nearly im-

possible due to time restraints. To this end, LEBIT has developed a new single ion Penning

trap (SIPT), which makes use of the non-destructive narrowband Fourier transform ion cy-

clotron resonance (FT-ICR) technique. Although FT-ICR is a widely used technique, it has

never been applied to rare isotope mass measurements. SIPT’s key features, development,

and commissioning are presented in this work.
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Chapter 1

Introduction

One of the most fundamental properties of an atom is its mass. The mass of an atom is not

simply the sum of the masses of its constituent protons, neutrons, and electrons; a portion

of the mass manifests itself as binding energy, which is responsible for holding the nucleus of

the atom together. The binding energy of a nucleus with N neutrons and Z protons is found

by determining the mass difference between the sum of the atom’s constituent particles and

its mass:

B(N,Z) = [NMn + ZMH −M(N,Z)]c2 (1.1)

where Mn, MH are the masses of the neutron and hydrogen atom, respectively, and M(N,Z)

is the mass of the atom. This energy provides a unique probe to the various interactions that

occur within the nucleus of the atom. Many techniques have been developed over the years

to measure masses. Masses can be determined directly with techniques based on time-of-

flight, magnetic rigidity, or frequency measurements. They can also be measured indirectly

through mass differences relative to a known mass. To make meaningful contributions to

nuclear science, masses M typically have to be measured to a high level of precision or low

level of uncertainty δM . Relative mass uncertainties needed for advanced studies of nuclear

structure, astrophysics, and fundamental interactions are usually δM/M ≤ 10−6, 10−7, and

10−8, respectively. Once measured to these high levels of precision, masses and differences

in masses become useful tools for understanding the nucleus.
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1.1 Mass Differences as a Probe for Nuclear Structure

Unique features in many fundamental properties of nuclei occur at specific numbers of protons

or neutrons. These so-called magic numbers can be detected in trends of experimental

observables such as binding energies [13], excitation energies [14], and nuclear radii [15]. In

binding energy data, for example, a nucleus with a magic number of protons or neutrons

typically has a lighter mass or enhanced B(N,Z) relative to neighboring nuclei. The nuclear

shell model attributes the emergence of magic numbers to a shell structure of the nucleus

[16–18]. The shell model is a similar quantum mechanical treatment to that of electrons

orbiting a nucleus. For the nucleus, however, one must consider nuclear forces and a much

stronger spin-orbit interaction in addition to the Coulomb force and Pauli exclusion principle.

In many cases, excellent agreement is observed between shell model predictions and the

location of magic numbers particularly for stable or long-lived nuclei. When studying more

exotic nuclei beyond the valley of stability, disagreements between theory and experiment

become more apparent. Understanding the mechanisms of structural evolution in these

regions of the nuclear chart is an active area of nuclear science [19, 20]. A common method

for extracting information about the structure of the nucleus and exploring the discrepancies

between theory and experiment is through the use of mass differences or binding-energy

indicators [21,22].

The simplest binding-energy indicators are the one and two-proton separation energies

Sp(N,Z) = B(N,Z)−B(N,Z − 1) , (1.2)

S2p(N,Z) = B(N,Z)−B(N,Z − 2) , (1.3)
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Figure 1.1: Two-neutron separation energies S2n as a function of neutron number for even-
even nuclei along isotopic chains between Z = 32 and Z = 48 using data from [1]. All
symbols include error bars. In many cases the error bars are too small to see. The N = 50
magic number can be observed through the sharp decrease in S2n just after N = 50.

as well as the one and two-neutron separation energies

Sn(N,Z) = B(N,Z)−B(N − 1, Z) , (1.4)

S2n(N,Z) = B(N,Z)−B(N − 2, Z). (1.5)

Studying trends in these quantities is one method for identifying the location of magic

numbers. For example, the N = 50 magic number reveals itself across several isotopic chains

in the two-neutron separation energies plotted in Fig. 1.1 through the sharp decrease in S2n

just after N = 50. Other useful quantities for studying the structure of the nucleus can

be derived from eqs. 1.2–1.5. One such quantity is the double mass difference δVpn defined
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as [23–25]:

δVpn(N,Z) =
1

4
[B(N,Z)−B(N − 2, Z)−B(N,Z − 2) +B(N − 2, Z − 2)]

=
1

4
[S2p(N,Z)− S2p(N − 2, Z)],

(1.6)

which is a common tool for studying the residual p-n interaction of the last two protons with

the last two neutrons, though it can also be used to study shell closures [26].

1.2 Nuclear Structure near N = Z = 40

Portions of the text in this section were recently published in Nature Physics [26] and are

reproduced here with permission from Springer Nature. Additional details and discussion

are included as well. The neutron-deficient region around mass number A = 80 is a rich

area for studies of basic nuclear structure concepts [27]. Nuclei in this region rapidly change

their properties with proton and neutron numbers. Indeed, some of these nuclei are among

the most deformed in the nuclear chart showing collective behavior, while others exhibit

non-collective excitation patterns typically observed in spherical systems.

The appearance of strongly deformed configurations around 80Zr has been attributed

to the population of the intruder g9/2 orbitals separated by the spherical N = Z = 40

subshell closure from the upper-pf shell as can be seen in the single-particle energy diagram

of Fig. 1.2. This specific shell structure leads to shape coexistence predicted by theory

in nuclei near N ≈ Z ≈ 40 [2, 28–32]. For the nucleus 80Zr in particular, spherical and

deformed (prolate, oblate, and triaxial) structures are expected to coexist at low energies,

and their competition strongly depends on the size of the calculated spherical N = Z = 40

gap [33]. Experimentally, 80Zr has a very large prolate quadrupole deformation parameter
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Figure 1.2: Neutron single-particle energy levels in Sr (Z = 38) as a function of the
quadrupole deformation parameter β2 as calculated in [2]. The gaps at N = 40 are high-
lighted in green. A large energy gap is possible at β2 ≈ 0.4 depending on the energy of
the g9/2 orbital. The results of this calculation can be used to qualitatively understand the

structure of nearby nuclei such as 80Zr. Figure adapted from [2].

β2 ≈ 0.4 [34, 35]. This has been attributed to the appearance of the large deformed gap at

N = Z = 40 in the deformed single-particle spectrum [2], seen in Fig. 1.2, which is due to

the relatively low density of single-particle levels near β2 ≈ 0.4 [2, 36]. Consequently, the

nucleus 80Zr can be viewed as a deformed doubly-magic system.

In addition to shape-coexistence effects, 80Zr is a great laboratory for isospin physics.

Having an equal number of protons and neutrons, this nucleus is self-conjugate; hence, it

offers a unique venue to study proton-neutron pairing, isospin breaking effects, and the

Wigner energy [4, 37].

There is a tendency for nuclei with N = Z to be more strongly bound than their neighbors

[4, 13]. Referred to as Wigner energy, this enhanced binding in nuclei with protons and

neutrons occupying the same shell model orbitals is usually attributed to proton-neutron
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Figure 1.3: Binding energy contributions of the phenomenological Wigner energy models
EW (1) (eq. 1.7 offset by VW ) [3] and EW (2) (eq. 1.8) [4] to the Zr isotopic chain.

pairing correlations [4]. Currently, the Wigner energy is not well reproduced by modern

theoretical approaches, so it must be accounted for with an additional phenomenological

term in global nuclear mass models that is determined through large-scale fits to binding

energy data. There are a few phenomenological expressions for the Wigner energy EW . Two

of those are described here.

In the HFB-24 mass model [3], the Wigner term has been parameterized as:

EW (1) = VW e
−λW

(
N−Z
A

)2
+ V ′W |N − Z|e

−
(
A
A0

)2
. (1.7)

One set of values for the free parameters determined in [3] and employed in this thesis is

VW = 1.8 MeV, λW = 380, V ′W = −0.84 MeV, and A0 = 26. In this model, EW rapidly

decreases initially with |N −Z| before leveling off as |N −Z| grows. In the more traditional
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parameterization of EW commonly employed in semi-empirical mass formulae (see e.g. [38]),

EW (2) = −aW
|N − Z|

A
, (1.8)

one assumes that EW = 0 at N = Z and linearly decreases with the neutron excess. The

Wigner energy coefficient, W (A) = aW /A, can be extracted empirically in an even-even

nucleus with N = Z = A/2 [4]:

W (A) = δVpn(A/2, A/2)− 1

2

[
δVpn(A/2, A/2− 2) + δVpn(A/2 + 2, A/2)

]
. (1.9)

While this quantity is still sensitive to shell effects, it can be used to estimate the strength

of the Wigner energy across the N = Z sequence. A fit to the values of W (A) along N = Z

gives aW = 47 MeV [4], which is used in this work. The phenomenological Wigner energy

contributions to the binding energy from eqs. 1.7 and 1.8 along the Zr isotopic chain are

shown in Fig. 1.3.

In Chapter 4, the results of a mass measurement of 80Zr will be presented. The mass

measurement will be interpreted in terms of its Wigner energy as well as the deformed shell

closure at N = Z = 40. Comparisons of the results to theoretical mass models using a

Bayesian model averaging (BMA) technique will also be discussed [39].

1.3 Precision Mass Measurements of Rare Isotopes

As discussed in the previous section, atomic masses are an important tool for studying the

interactions within the nucleus, and high-precision mass measurements, particularly of rare

isotopes, are necessary to interpret these interactions. Many techniques have been developed
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over the years to measure atomic masses and push the precision limit. Mass measurement

techniques are typically divided into direct and indirect techniques. Indirect techniques

consist of measuring properties of a reaction or decay. These methods give one access to

mass differences, or Q-values, which can be used to determine the mass of either the parent

or daughter nuclei of the reaction or decay. In this way, chains of Q-values can be used to

determine masses of isotopes far from the valley of stability. However, the uncertainties are

compounded for each mass difference resulting in rather large uncertainties if the reference

isotope of the Q-value chain is far from the final isotope of the chain.

Direct techniques make use of time-of-flight, magnetic rigidity, and frequency measure-

ments. Mass measurements of isotopes far from the valley of stability that are produced

at very low rates and have extremely short lifetimes can typically be determined using the

time-of-flight magnetic rigidity method [40]. This technique has been employed to measure

masses of rare isotopes at many facilities around the world including SPEG at GANIL [41]

and the S800 spectograph at the NSCL [42]. The mass resolution of these experiments is

rather low due to the relatively short time of flight, and the relative mass uncertainty δm/m

is usually limited to about 10−6 [40]. Cyclotrons have been used to increase the flight path

resulting in higher resolution. This has been done, for example, at Grenoble [43]. Stor-

age rings, such as the Experimental Storage Ring (ESR) at GSI [44] and the Heavy Ion

Cooler-Storage-Ring (HIRFL-CSR) at Lanzhou [45], are another device that increase the

time-of-flight path by allowing particles to make many passes through the ring. More re-

cently, the multi-reflection time-of-flight (MR-TOF) device was developed to perform mass

measurements of rare isotopes. MR-TOFs bounce ions between two electrostatic deflectors

extending their flight paths by the number of turns within the device. MR-TOFs achieve

extremely high resolving powers, so they are typically employed as a beam purifier [46–49].
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However, they can also be used as a high-precision mass spectrometer [49–54].

The most accurate and precise direct method is Penning trap mass spectrometry (PTMS)

[55, 56]. The Penning trap makes use of a strong magnetic field that provides access to

the cyclotron frequency of an ion. A measurement of the cyclotron frequency allows for

the determination of the mass. The Penning trap and the techniques used to measure

the cyclotron frequency will be discussed in Chapter 2. Penning traps have been used to

achieve relative mass uncertainties of δM/M < 10−10 on stable ions [57] and δM/M < 10−8

on unstable ions [58]. They have also been used to measure very short-lived rare isotopes

t1/2 < 10 ms to high precision δM/M ∼ 10−7 [59]. Many rare isotope beam facilities around

the world have PTMS programs performing mass measurements: ISOLDE at CERN [60],

JYFLTRAP at Jyväskylä [61], SHIPTRAP at GSI [62], CPT at Argonne National Lab [63],

TITAN at TRIUMF [64], and LEBIT at the NSCL [65].

The Low Energy Beam and Ion Trap (LEBIT) facility at the National Superconducting

Cyclotron Laboratory (NSCL) is currently the only Penning trap program coupled to a

projectile fragmentation facility. This allows access to rare isotopes that are not available to

other PTMS facilities. LEBIT has been active for over 15 years and achieving mass precisions

for rare isotopes as low as ∼ 2 ppb [58] as well as measuring isotopes with half-lives less

than 100 ms [66]. Currently, the NSCL is transitioning to the Facility for Rare Isotope

Beams (FRIB), which will provide access to even more exotic isotopes that were difficult

or impossible to produce at the NSCL. This upgrade will continue the mass measurement

campaign at LEBIT for many years to come.
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1.4 Achieving Highest Sensitivity with Non-Destructive

Mass Determination

Although FRIB will improve rare isotope production yields by orders of magnitude, many

isotopes of interest will still only be delivered at rates on the order of 1 ion per day. The

PTMS techniques currently used for rare isotope measurements at LEBIT and other rare

isotope PTMS facilities are destructive. While these methods are quite robust, they require

a significant number of detected ions (∼ 100 ions) to complete a measurement making it

difficult to perform mass measurements when the production rates are extremely low. To

measure these exotic isotopes produced at such low rates, LEBIT has developed a new

highly-sensitive single ion Penning trap (SIPT). SIPT uses the non-destructive narrowband

Fourier transform ion cyclotron resonance (FT-ICR) technique [67], which will be discussed

in Chapter 2. While this technique is widely used at other facilities (see e.g. [68, 69]), it

has never been employed for mass measurements of rare isotopes. SIPT will enable rare

isotope mass measurements using a single ion with a precision (δM/M ≤ 10−6) that meets

the requirements of nuclear structure and astrophysics studies.

Details on PTMS and the methods used to measure the cyclotron frequency such as the

FT-ICR technique is covered in Chapter 2. Chapter 3 describes the projectile fragmentation

process, the delivery of rare isotopes to LEBIT, and the LEBIT facility. In Chapter 4, the

discovery of the deformed double-shell closure at N = Z = 40 through the mass measurement

of 80Zr is presented. Finally, the development and commissioning of SIPT is 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

The Penning trap combines a homogeneous magnetic field and a quadrupolar electrostatic

field to trap a charged particle in three dimensions. The magnetic field provides radial

confinement of an ion and causes it to precess, provided that the ion has some velocity

perpendicular to the magnetic field, at the cyclotron frequency

ωc = 2πνc =
qB

m
(2.1)

where q is the charge of the ion, m is the mass of the ion, and B is the magnetic field

strength. Axial confinement of the ion is achieved with the electrostatic quadrupolar field.

The electrostatic field is produced using a set of three hyperbolic electrodes: two endcaps

and a ring electrode (see Fig. 2.1 (Left)), which obey the equations of a hyperboloid of

revolution. In cylindrical coordinates (ρ, z), these equations are

z2 − ρ2

2
= ±z20 (2.2)
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Figure 2.1: Illustration of a hyperbolic Penning Trap (Left) and the three characteristic
eigenmotions (Right).

where z0 is half of the minimum distance between the end cap electrodes. The electrostatic

quadrupole potential created by these three electrodes is given 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 =
√
ρ20/4 + z20/2. The quantity ρ0 refers to the

minimum radius of the ring electrode. For high-precision mass measurements, compensation

electrodes must be added to the Penning trap in order to minimize frequency shifts due

to higher-order electric field contributions [70]. Other Penning trap electrode geometries,

such as cylindrical traps, can also be used to sufficiently approximate a quadrupolar electric

field [71].
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2.1.2 Ion Motion in a Penning Trap

A summary of the motion of an ion in a Penning trap will be presented here. For a full

derivation, see [72], for example. In the axial direction, parallel to the magnetic field (typ-

ically defined as the z-direction), the electric field produces a harmonic oscillator system

which causes the ion to precess at the frequency

ωz = 2πνz =

√
qU0
md2

. (2.4)

In the radial direction, the magnetic and electric fields produce two additional eigenfrequen-

cies ω±:

ω± = 2πν± =
ωc
2
±
√
ω2c
4
− ω2z

2
. (2.5)

Fig. 2.1 (Right) shows the three eigenmotions for an ion in a Penning trap.

The three eigenfrequencies satisfy a few relationships:

ωc = ω+ + ω−, (2.6)

ωc =
√
ω2+ + ω2− + ω2z . (2.7)

Both equations can be used to determine the mass of an ion. Eq. 2.6 only applies to an ideal

Penning trap with no field misalignments or distortions. However, it has been demonstrated

that this relationship is still suitable for high-precision measurements in a Penning trap

without having to introduce additional systematic uncertainties [73]. Eq. 2.7, known as the

invariance theorem [74], is insensitive to misalignments or distortions and is used in the

highest accuracy Penning trap measurements [57]. For a typical Penning trap with a strong
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magnetic field and weak electrostatic field, the frequencies follow a hierarchy:

ω+ � ωz � ω−. (2.8)

The motion of an ion in a Penning trap can be manipulated by applying radio frequency

(rf)-excitations to the ring electrode [6]. The ring electrode can be segmented into sev-

eral components allowing for multiple excitation schemes. Figure 2.2 shows two common

excitation schemes used at PTMS facilities. A dipole excitation at one of the ion’s radial

eigenfrequencies drives the radius of the excited eigenmotion ρ±. This technique is useful

for removing contaminant ions in the trap. An excitation at the contaminant ion’s reduced

cyclotron frequency ν+ can cause the ion to collide with the trap electrodes or drive it to a

large enough orbit preventing it from escaping the trap upon ejection. A quadrupole excita-

tion at the sum or difference of the two radial eigenfrequencies couples the two eigenmotions

together. A common technique used in Penning trap mass spectrometry is a quadrupole ex-

citation at νc = ν+ + ν−. This excitation is used to convert magnetron motion into reduced

cyclotron motion.

2.2 PTMS Basics

Penning trap mass spectrometry (PTMS) is currently the most precise method for measuring

an ion’s mass because of the well controlled environment provided by the trap. In PTMS,

the mass of an ion is obtained by determining the ion’s cyclotron frequency νc. The cy-

clotron frequency can be determined with eq. 2.6, which requires a measurement of the two

radial eigenfrequencies or their sum. It can also be determined with the invariance theorem
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Figure 2.2: Diagram of two common rf-excitation schemes being applied to the segmented
ring electrode: a dipole excitation (Left) and a quadrupole excitation (Right).

(eq. 2.7), which requires a measurement of all three eigenfrequencies. In either case, q and

B must be know. A measurement of the mass-to-charge ratio m/q provides the charge state

of the ion. The magnetic field strength B is determined through calibration measurements

of an ion with a well known mass. The quantity of interest for extracting the mass of the

ion is the ratio of frequencies

R =
νintc,ref

νc
(2.9)

where νintc,ref is the cyclotron frequency from the reference measurements, which is typically

linearly interpolated to the time of the measurement of the ion of interest’s cyclotron fre-

quency νc using reference measurements taken before and after the νc measurement. The

mass m of the stable particle is then given by

m =
q

qref
· R̄ · [mref − qref ·me] + q ·me (2.10)

where R̄ is the average over several frequency ratio measurements, me is the mass of the

electron, and qref and mref are the charge and mass of the reference ion respectively. Electron
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binding energies, typically ∼ 10 eV, must also be included in very high-precision measure-

ments. The relative uncertainty of a Penning trap measurement is given by

δm

m
=
δνc
νc

=
γ

νc · T ·
√
N

(2.11)

where T is the observation time determined by the measurement technique, N is the number

of detected ions, and γ is a system-dependent value.

There are currently three well-established techniques used to measure the needed fre-

quencies in eq. 2.9: Time-of-Flight Ion Cyclotron Resonance (TOF-ICR), Fourier Transform

Ion Cyclotron Resonance (FT-ICR), and Phase Imaging Ion Cyclotron Resonance (PI-ICR).

The first two methods will be discussed in detail below. The latter method, PI-ICR, will be

summarized here.

In PI-ICR, the radial frequencies are determined through measurements of the accumu-

lated angular phase of an ion in a Penning trap [75]. An initial and final phase are measured

before and after some amount of accumulation time Tacc with a position sensitive detector

outside the trap. The phase difference divided by the accumulation time Tacc allows for the

extraction of the frequency. The observation time in eq. 2.11 for PI-ICR is Tacc.

2.3 TOF-ICR Technique

The TOF-ICR technique takes advantage of the ion’s radial energy gain when its initial

magnetron motion is converted to reduced cyclotron motion through a quadrupole excitation

at the ion’s cyclotron frequency νc. Because ω+ � ω−, the ion gains maximal energy when

a full conversion of pure magnetron motion to pure reduced cyclotron motion occurs. The
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radial energy gained ∆Er by an ion with initial magnetron radius ρ and no initial reduced

cyclotron radius is

∆Er =
1

2
m(ω2+ − ω2−)ρ2. (2.12)

There are several ways to prepare the ions with an initial magnetron motion. One method is

to inject the ions at the center of the trap and then drive the magnetron motion with a dipole

rf-excitation. Another method, developed at LEBIT, is to use so-called Lorentz steerers [76],

a set of steering electrodes placed just before the entrance to the trap that produce an

electric field perpendicular to the magnetic field. The achieved ~E × ~B force steers the ions

off the central axis of the trap providing the magnetron motion. To minimize any initial

reduced cyclotron motion pick-up, ions must enter the magnetic field with minimal velocity

perpendicular to the magnetic field.

After the rf-excitation, ions are ejected from the trap by lowering one of the endcap
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voltages. As the ions leave the trap, they move from an area of strong magnetic field to an

area with no magnetic field. The magnetic field gradient ∂B/∂z the ions pass through leads

to a force on the ions in the axial or z-direction:

Fz = −µ
(
∂B

∂z

)
= −Er

B0

(
∂B

∂z

)
, (2.13)

where µ is the magnetic dipole moment of the orbiting charged particle with radial energy

Er in a central magnetic field of strength B0 [77]. This force converts the radial kinetic

energy pickup due to the rf-excitation to axial kinetic energy. A microchannel plate (MCP)

detector is placed at the exit of the magnet to measure the time of flight (TOF) of the ions

from the trap to the detector. The TOF is then minimal, when the kinetic energy pickup

is maximal. Thus, one can scan the rf-excitation frequency νrf while measuring the TOF

and search for a minimum in the TOF which occurs when νrf ≈ νc. This technique requires

≥ 100 detected ions to produce the characteristic resonance response seen in Fig. 2.4. The

fit to the data in Fig. 2.4 is determined by numerically solving for the time of flight of the

ion at each excitation frequency ωrf [6]:

T (ωrf ) =

∫ z1

z0

(
m

2[E0 − q · V (z)− µ(ωrf ) ·B(z)]

)1
2
dz (2.14)

where E0 is the total initial energy of the ion, q is the charge of the ion, V (z) is the electric

potential along the ion’s path to the MCP, and B(z) is the magnetic field strength along the

ion’s path.

The quadrupole rf-excitation amplitude Vrf and duration Trf must be tuned in order

to achieve a complete conversion of initial magnetron motion to reduced cyclotron motion.
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Once one set of Vrf and Trf values has been determined, the excitation duration Trf can

be scaled in a simple way as the product Vrf · Trf for a complete conversion is constant.

This scaling is important for increasing the precision of the measurement. The relative

uncertainty of a TOF-ICR measurement is given by eq. 2.11 where the observation time T

is the excitation duration Trf .

2.4 FT-ICR Technique

In the FT-ICR technique, the image current produced by ions in a Penning trap is detected

on the trap electrodes [67]. The detected oscillatory signal will be a superposition of noise

and ion image currents. A Fast Fourier Transform (FFT) is performed on the time-domain

signal to produce a frequency-domain spectrum [78]. The image currents produced by the

ions will appear as distinct peaks in the frequency domain, which can be fit to determine
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Figure 2.5: Illustration of the narrowband FT-ICR detection technique. The RLC resonator
circuit suppresses noise while amplifying signals with frequencies near the resonator frequency
ν ≈ νcirc.

the frequency of the ions’ motion.

This technique is commonly used to identify molecules in a sample. Because these

molecules typically have many different mass-to-charge ratios, a broadband detection tech-

nique is used meaning that the observation is performed over a large range of frequencies

to capture the various peaks created by the various ions in the trap. This technique works

well with a large number of ions and when precision is not needed. However, for a precision

measurement, the number of ions in the trap must be limited to avoid systematic frequency

shifts due to ion-ion interactions [79]. The image current produced by a single ion in a Pen-

ning trap is on the order of picoamperes, so a highly sensitive detection technique is needed

to be able to separate the ion signal from the noise.

The narrowband FT-ICR technique provides the needed sensitivity to perform precision

measurements with a single ion [77]. The detection principle is illustrated in Fig. 2.5. The

Penning trap electrodes used for the image current detection are connected in parallel with an
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inductor to create an RLC resonator circuit. The pickup electrodes along with any additional

added capacitance combine to give the total capacitance of the system C. The resistance R

is the equivalent resistance of all components in the circuit. The detected voltage produced

by the ions’ image current I across the RLC circuit is given by Ohm’s law to be V = IZ

where Z is the impedance of the circuit. The absolute value of the impedance for the RLC

circuit is

|Z(ω)| = 1√
(1/R)2 + (1/ωL− ωC)2

(2.15)

where ω is angular frequency of the ion’s image current. This quantity is maximum at the

resonant frequency of the circuit:

ωcirc =
1√
LC

. (2.16)

The resonator can be tuned so that ωcirc is approximately equal to the frequency of the

ion motion to be detected by choosing appropriate values for L and C. Impedances on the

order of 10 MΩ are achievable with a well-tuned circuit leading to measurable voltages. An

example FT-ICR resonance is shown in Fig. 2.6 along with a Lorentzian fit to the data.

The detection circuit required to be able to detect the image charge created by a single,

singly-charged ion must be very sensitive. The relevant value that needs to be optimized to

achieve this goal is the signal-to-noise ratio S/N . In this case, the S/N 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 [80]. This ratio is given by

S/N = κ

√
π

4
Nq

(
ρ

ρ0

)√
ν

∆ν

√
Q

kBTC
(2.17)

where κ is a geometrical parameter that accounts for the fact that the pickup electrodes
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Figure 2.6: FT-ICR resonance of the ν+ frequency of 85Rb+.

are not infinite flat planes; N is the number of ions; q is the ion charge; ρ/ρ0 is the radius

of the ions’ orbit relative to the trap radius; ν/∆ν is the ratio of the ion frequency to the

spectral bandwidth; kB is the Boltzmann constant; and Q, T , and C are the quality factor,

temperature, and capacitance of the detection circuit respectively [77,81].

The key to reaching adequate S/N lies in optimizing the RLC circuit. In particular, the

quality factor of the circuit, Q, defined as

Q =
νcirc

∆νcirc
(2.18)

must be ∼ 1000 or greater. Here ∆νcirc is the full width at half maximum (FWHM) of the

resonator response in the frequency domain. For SIPT, the high Q-factor is achieved with

a superconducting inductor coil. Hence, SIPT must be operated at cryogenic temperatures
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(∼ 5 K). The cryogenic temperatures also provide the advantage of low thermal noise leading

to an improvement in S/N by a factor of 8 compared to room temperature. Alternatively,

high Q-factors can be achieved at room temperatures using a quartz crystal in place of an

inductor coil [82].

The geometry of the electrodes used to detect the ion signal also plays a role in the signal

strength. The ion’s image current I can be calculated as [81]

I = q~v · ~E1 (2.19)

where q is the ion’s charge, ~v is the ion’s velocity, and ~E1 = ~E/V is the unit electric field

generated by a ±1 V potential difference on the detection electrodes. If the ion signal is

being detected off the ring electrodes, then similar couplings that were seen with the rf-

excitations apply to the ion motion pickup. A dipole detection scheme like that in Fig.

2.2 (Left) is optimal for detecting the individual radial eigenfrequencies while a quadrupole

detection scheme like that in Fig. 2.2 (Right) is optimal for detecting sum or differences

of the radial eigenfrequencies. A more detailed study of the detection scheme’s effect on

the signal strength will be presented in Chapter 5. The relative uncertainty of an FT-ICR

measurement is that of eq. 2.11 with the observation time T replaced with the acquisition

time Tacq, or how long the signal is measured.
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Chapter 3

The LEBIT Mass Spectrometer

Facility at the NSCL

The Low Energy Beam and Ion Trap (LEBIT) facility is located at the National Supercon-

ducting Cyclotron Laboratory (NSCL) on the campus of Michigan State University. The

NSCL is home to the Coupled Cyclotron Facility (CCF), a projectile fragmentation radioac-

tive ion beam facility, which can deliver rare isotope beams to LEBIT. An overview of the

CCF and LEBIT facility is presented here.

3.1 CCF as a Rare Isotope Beam Source

The CCF consists of two superconducting cyclotrons, the K500 and K1200, which are used

to accelerate ion beams to speeds around half the speed of light. The primary beams

are produced with electron-cyclotron resonance (ECR) ion sources and injected into the

smaller K500 cyclotron. The K500 accelerates the primary beam to energies on the order of

10 MeV/u. Upon extraction, the beam is sent into the larger K1200 cyclotron where a charge

stripper foil located near the center of the cyclotron is used to strip most of the remaining

electrons from the beam. The K1200 accelerates the highly charged primary beam to an

energy on the order of 100 MeV/u. The fast primary beam is then impinged on a produc-

tion target typically made of beryllium to produce a plethora of rare isotopes via projectile
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Figure 3.1: Illustration of the main components of the Coupled Cyclotron Facility that are
relevant for the experiment discussed in this thesis.

fragmentation reactions. To isolate the rare isotope of interest, the secondary beam is sent

to the A1900 fragment separator [83].

The main components of the A1900 fragment separator are four dipole magnets and an

energy degrading wedge. The rare isotope of interest is initially selected by its magnetic

rigidity Bρ = p/q using the first two dipole magnets where B is the magnetic field strength

of the dipole, ρ is the radius of the ion’s motion, p is the momentum of the ion, and q is

its charge. Isotopic selection is completed by passing the ions through the energy degrading

wedge, which leads to momentum spread based on the atomic number of the ion. A final

magnetic rigidity selection is made using the second set of dipole magnets to isolate the rare

isotope of interest. This secondary beam can then be delivered to any of the experimental

stations at the lab. LEBIT is located in the low-energy beam area. The low energies are

achieved with the gas stopping facility. The coupled cyclotrons as well as the A1900 and the

relevant components of the gas stopping facility for this thesis are illustrated in Fig. 3.1.

The gas stopping facility at the NSCL is critical for LEBIT experiments because it reduces

the energy of the rare isotope beam to a level compatible with injection into LEBIT’s Penning

traps. At the NSCL, there are three helium-filled gas stoppers: the Argonne National
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Figure 3.2: Image of the Advance Cryogenic Gas Stopper.

Laboratory (ANL) cell [84]; the Advanced Cryogenic Gas Stopper (ACGS) [85]; and the

Cyclotron Gas Stopper [86], which is currently being commissioned. An overview of ACGS,

seen in Fig. 3.2, is presented here.

Before entering ACGS, the radioactive ion beam from the A1900 passes through a set

of adjustable aluminum degraders used to remove most of the beam’s kinetic energy. The

ions are then stopped within ACGS through collisions with the ultra high purity helium

buffer gas. Charge exchange reactions with the gas lower the ions’ charge states to the 1+

or 2+ state. The cryogenic temperatures help reduce molecular recombination within the

gas cell that can heavily contaminate beams extracted from gas cells. An electrode structure

inside the gas cell is used to repel the ions from collisions with the walls of the cell and

transport them to the exit of the gas cell. The ions then enter a three-stage radiofrequency

quadrupolar (RFQ) ion guide which allows for differential pumping between the gas cell and

the beamline following the gas cell. Ions are transported through the RFQ ion guide with
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a combination of rf-quadrupole fields that confine ions radially and DC electrostatic fields

that control the ions’ axial motion.

ACGS sits on a high-voltage platform in order to accelerate ions after extraction from

the ion guide and transport them to the low-energy experimental area. Ions are typically

extracted at energies of 30 keV/Q. Before the low-energy experimental area, the beam passes

through a dipole magnet, which allows for mass-to-charge (A/Q) separation. At this point,

the low-energy beam can be sent to the LEBIT facility.

The NSCL was recently shut down to allow for the transition to the next-generation ion

beam facility, the Facility for Rare Isotope Beams (FRIB). FRIB will be complete in spring

2022 and ready for user operation. With increased production rates and number of accessible

rare isotopes, FRIB will allow for groundbreaking nuclear physics research to continue at

MSU for the forseeable future.

3.2 Major Components of the LEBIT Facility

The layout of the LEBIT facility is shown in Fig. 3.3. Beam from the gas stopping facility

is transported to LEBIT at a typical energy of 30 keV/Q. The LEBIT facility sits on a

high-voltage (HV) platform that shares a power supply with the gas stopping facility’s HV

platform. This HV coupling removes the majority of the beam’s energy as it enters LEBIT.

A separate DC power supply coupled only to LEBIT allows for fine tuning of the incoming

beam’s energy. Upon entering LEBIT, an electrostatic deceleration section is used to prepare

ions for injection into the LEBIT cooler and buncher [87]. LEBIT’s offline ion sources are

placed within this deceleration section as well. The cooler and buncher pulses the DC beam

from the gas stopping facility or offline ion sources. The ion pulses can then be sent either to
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Figure 3.3: Layout of the LEBIT facility. Figure taken from [8].

the 9.4 T Penning trap [88] or around a 115◦ bend to the single ion Penning trap (SIPT) [8].

Beam observation boxes (BOBs) are placed throughout the LEBIT beamline. The BOBs

typically contain Faraday cups to measure DC current as well as microchannel plate (MCP)

detectors and phosphor screens, which are used to view the shape of the beam.

3.2.1 Offline Ion Sources

LEBIT is equipped with two offline ion sources, a Colutron plasma ion source, typically

referred to as the thermal ion source (TIS), and a laser ablation source (LAS) [89]. The offline

ion sources provide ions for development projects, beamline tuning and diagnostic studies,

reference measurements to calibrate the magnetic field, and mass measurements of long-lived

radioisotopes. The TIS, displayed in Fig. 3.4 (Left), consists of a tungsten filament that is

heated to produce electrons and negatively biased to produce a discharge. The discharge can

be used to ionize gaseous atoms of the desired species, which are introduced to the chamber
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Figure 3.4: (Left) Photo of the Colutron plasma ion source (TIS) at the LEBIT facility. The
tungsten filament sits within the white ceramic casing. (Right) Photo of the laser ablation
ion source (LAS) at the LEBIT facility. The Nd:Yag laser sits within the laser safety box.

through a leak valve. The filament can also be positively biased to provide alkali metal ions

via surface ionization from impurities in the filament. The TIS produced the 41K+ and

85,87Rb+ ions that were used as reference ions in the 80−83Zr experiment (Chapter 4), as

well as the 84Kr+ and 85Rb+ ions that were used to commission SIPT (Chapter 5). The LAS

uses a pulsed Nd:YAG Quantel Brilliant laser to produce light pulses which irradiate a target

producing ions. The LAS has been used to perform high-precision offline measurements of

scientific importance including recent measurements of 138La [90] and 139La, 89Sr [91] for

β-decay studies. A photograph of the LAS component of the beamline is shown in Fig. 3.4

(Right).

3.2.2 Cooler and Buncher

The LEBIT cooler and buncher is a three-staged gas-filled linear Paul trap used to convert

continuous ion beams from the gas stopping facility or offline ion sources into short pulses for

injection into the Penning traps [87]. The three linear Paul traps use a similar mechanism
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for transporting ions as the RFQ ion guide after ACGS: an RFQ field confines ions radially

while a DC electrostatic field controls the ions’ axial motion. The buffer gas, typically

helium, cools the ions’ excess energy and brings them into thermal equilibrium with the gas.

The DC axial field then pulls the ions through the buffer gas for extraction. This process

removes any systematic effects that could result from the extraction of the beam from its

source.

The first stage of the cooler and buncher is known as the pre-cooler and is responsible for

dissipating most of the ions’ energy. The second stage is the micro-RFQ, which connects the

pre-cooler to the final buncher stage and provides the necessary differential pumping between

these stages. The final buncher stage accumulates and thermalizes the ions before releasing

them as short low-emittance pulses. For optimal capture, a voltage-pulsed drift tube after

the cooler and buncher is used to adjust the energy of the ions to match the Penning trap’s

minimum DC potential. After passing through the pulsed drift tube, the ions are sent either

to the 9.4 T Penning trap or the single ion Penning trap.

3.2.3 9.4 T Penning Trap

Before entering the 9.4 T Penning trap, ions pass through a time-of-flight gate used to allow

ions of a certain A/Q ratio to enter the trap. The time-of-flight gate is produced by an

electrostatic steering element that is grounded for ∼ 50 ns when ions of a given A/Q are

passing through the filter and set to 1 kV at all other times. Just before the magnet, several

Einzel lenses are used for final focusing prior to the beam’s injection into the magnet. A

series of injection optics guide the ions through the magnetic field and reduce their energy

for optimal capture in the Penning trap. A set of Lorentz steerers [76] are placed just before

the Penning trap electrode structure to prepare ions with an initial magnetron orbit for the
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Figure 3.5: Image of the 9.4 T Penning trap. The Penning trap electrodes are shown on the
left with a US $1 coin for scale. The 9.4 T magnet is displayed on the right.

TOF-ICR measurement technique.

The 9.4 T Penning trap, displayed in Fig. 3.5, consists of a hyperbolic electrode struc-

ture with additional correction ring and tube electrodes used to approximate the quadrupolar

electrostatic potential [88]. Holes in the endcap and correction tube electrodes allow for injec-

tion and ejection from the Penning trap. The trap electrodes are made of high-conductivity

copper and plated with gold to reduce patch effects caused by oxidation.

Upon ejection from the Penning trap, ions pass through another series of drift tubes

that accelerate the ions to an MCP detector which is mounted in a Daly configuration [92]

outside of the magnet. The positive ions are guided towards the more negatively biased Daly

collector. An electron shower created by the ions’ collision with the collector is detected on

the MCP.

3.2.4 Single Ion Penning Trap

The single ion Penning trap (SIPT) beamline is located after the cooler and buncher allowing
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access to beams from the CCF and offline ion sources. The SIPT beamline and Penning trap

as well as simulation and experimental results are discussed in detail in Chapter 5.
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Chapter 4

Mass Measurement of the Lightweight

Self-Conjugate Nucleus 80Zr

The results presented in this chapter were recently published in Nature Physics [26]. Portions

of the text and several of the figures presented here are reproduced with permission from

Springer Nature. Additional details and discussion are included as well.

4.1 Motivation for Mass Measurement of 80Zr

The mass of an isotope is a sensitive indicator of the underlying shell structure as it reflects

the net energy content of the nucleus, including its binding energy. Hence, doubly-magic

nuclei are significantly lighter, or more bound, relative to their neighbors. Due to a lack

of precision mass measurement data on 80Zr and its surrounding nuclei, it is difficult to

characterize the size of the shell effect responsible for the large deformation of 80Zr discussed

in Chapter 1. To this end, high-precision Penning trap mass spectrometry was performed

on four neutron-deficient zirconium isotopes – 80-83Zr. The local trends of the binding-

energy surface were analyzed by studying several binding-energy indicators. To quantify

the findings, experimental patterns have been interpreted using global nuclear mass models

augmented by a Bayesian model averaging (BMA) analysis [39].
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4.2 Experimental Procedure

The radioactive Zr isotopes were produced at the National Superconducting Cyclotron Lab-

oratory’s Coupled Cyclotron Facility via projectile fragmentation of a 140 MeV/u 92Mo

primary beam that was impinged on a 564 mg/cm2 Be target. The produced Zr nuclei

were separated from other fragments by the A1900 Fragment Separator [83] and sent to

the Advanced Cryogenic Gas Stopper [85], where they were stopped as ions. The ions were

extracted from the gas stopper as a low energy (30 keV/Q) continuous beam and selected by

their mass-to-charge ratio (A/Q) using a dipole magnet. The optimal A/Q was determined

using a silicon detector after the dipole magnet. The A/Q was scanned while measuring ra-

dioactivity on the silicon detector. Radiation was observed at A/Q values corresponding to

singly charged zirconium ions, doubly charged zirconium ions, and singly charged zirconium-

oxide molecular ions. The relative amounts of radiation at each extraction state for each

isotope were the same as the isotopes all share the same chemical properties. 80,82Zr ions

were measured in the singly charged oxide sate (A/Q = 96, 98 respectively); 81,83Zr ions

were measured bare and doubly charged (A/Q = 40.5, 41.5 respectively). The reasoning for

these choices is discussed below.

The ions were then sent to the LEBIT facility [65]. Upon entering LEBIT, the ions

first passed through the cooler and buncher [87] where they were accumulated, cooled, and

released as ∼100 ns low-emittance bunches to the LEBIT 9.4 T Penning trap [88]. Before

entering the trap, the pulses were purified using a time-of-flight filter to only allow ions

with a specific mass-to-charge ratio to enter the trap. Once captured in the trap, ions were

further purified using targeted dipole cleaning [93] and the stored waveform inverse Fourier

Transform (SWIFT) technique [94]. All measurements were performed using the TOF-ICR
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method [6]. The reference ions were produced using the LEBIT Colutron ion source and

chosen as singly ionized species of widely available stable alkali atoms whose masses (mref)

are well known in the literature [1], as well as whose A/Q was close to the ion of interest to

avoid large mass-dependent systematic shifts in the calibration procedure. Eq. 2.9 was used

to extract a frequency ratio for each measurement of the ion of interest. As explained in

Chapter 2, each measurement of the ion of interest’s cyclotron frequency νc was interleaved

by measurements of the cyclotron frequency of the reference ion, νc,ref. The masses of each

ion of interest were then calculated through Eq. 2.10 using the average of multiple frequency

ratios (R̄) weighted by their uncertainties.

Uncertainties related to the extraction of cyclotron frequencies from the fits dominate

the statistical error budget. Systematic errors arising from magnetic field inhomogeneities,

trapping potential imperfections, and a possible misalignment between the trap and magnetic

field [81] result in a shift on the average frequency ratio that scales linearly with the difference

in mass-to-charge ratio between the ion of interest and the reference ion. These A/Q-

dependent shifts in R̄ have been measured at the LEBIT facility and found to be ∆R̄ =

2(2)× 10−10/(u/q) [95] where u/q is the mass-to-charge ratio difference.

Other systematic errors on the individual measured frequency ratios R must be taken

into account separately. Nonlinear magnetic field fluctuations in time can result in calibra-

tion errors. This effect has been studied at LEBIT and leads to a shift in R at a level below

1 × 10−9 per hour [96]. Measurement times ranged from three hours for 80Zr to fifteen

minutes for 83Zr. This uncertainty was folded into the ratio uncertainties though it had

a negligible effect on the final error estimate. Special relativity can have an effect on the

cyclotron frequency ratios [72], however this error was negligible compared to the statisti-

cal uncertainty. Ion-ion interactions were first minimized using the purification techniques
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described above. Additional ion-ion interactions were taken into account by performing a

count-rate class analysis on each data set whenever possible [97]. Finally, Birge ratios were

calculated to determine if the uncertainties were underestimated. The Birge ratio is the ratio

of the outer to the the inner uncertainty [98]. A Birge ratio greater than one could indicate

an underestimation of systematic uncertainties, while a Birge ratio less than one could in-

dicate that the uncertainties have been overestimated. In the cases where the Birge ratio

was greater than one, the outer uncertainty was used as the final uncertainty (e.g. the inner

uncertainty was multiplied by the Birge ratio). A more detailed analysis of each isotope is

given below.

4.2.1 83Zr

83Zr was extracted from the gas stopper doubly charged to prevent the extraction of molec-

ular contaminants, which are almost always singly charged. This choice provided a pure

83Zr2+ beam with no measurable contamination. 41K+ was chosen as a reference to reduce

systematic uncertainties. The cyclotron frequencies of both 83Zr2+ and 41K+ were measured

with the Ramsey excitation scheme [9] and a 1 s excitation time. An example 1 s Ramsey

TOF-ICR resonance of 83Zr2+ is shown in Fig. 4.2. A total of three measurements of the

ratio R were performed. The longest measurement time was 15 minutes. Systematic shifts

due to nonlinear drifts in the magnetic field are an order of magnitude lower than the mea-

sured uncertainty. The count rate was high enough to perform a count-rate class analysis on

both the reference and ion of interest data sets [97]. With this technique, the data from each

scan is divided into classes corresponding to the number of ions collected on the MCP. The

class data is fit with a line, which is used to determine the cyclotron frequency when only

one ion is present in the trap. The analysis must take into account the detection efficiency
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Figure 4.1: Example of a count-rate class analysis performed on a 83Zr2+ TOF-ICR reso-
nance scan. The cyclotron frequency as a function of the number of ions collected on the
MCP is shown with black circles. A linear fit along with it’s 1σ uncertainty band are also
displayed. The extrapolated cyclotron frequency with a single ion in the trap including the
MCP efficiency is indicated with a blue star. The 1σ uncertainty band for fitting the data
with five ions or fewer detected ions is shown with dashed-orange lines.

of the MCP, which is ∼60% for LEBIT. An example of this procedure applied to a 83Zr2+

scan is shown in Fig. 4.1. The ±1σ uncertainty band as a result of fitting data corresponding

to five or fewer detected ions is also indicated in Fig. 4.1 by the two dashed-orange lines.

The discrepancy between the measured cyclotron frequency with and without the count-rate

class analysis is 0.48σ. Performing this analysis on each scan for both 83Zr2+ and 41K+ led

to a non-negligible shift in the average ratio (∆R̄ = 9.8(7.3) × 10−9). Adding this shift to

the average ratio along with the small shift due to the difference in A/Q between the ion

of interest and the reference yielded a final weighted ratio of R̄ = 1.012 274 829 7(85). The

Birge ratio for this measurement was 0.98(28) indicating that the measurement fluctuations

were purely statistical.
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4.2.2 82Zr

82Zr was extracted from the gas stopper as a singly charged oxide molecule 82Zr16O+.

The major contaminant identified at A/Q = 98 was C5H8NO+. This molecule was easily

cleaned with a targeted dipole excitation. 87Rb+ was chosen as the reference. The cyclotron

frequency of 82Zr16O+ was measured with 500 ms and 1 s Ramsey excitations. An example

500 ms Ramsey resonance is shown in Fig. 4.2. 87R+ was also measured using the Ramsey

excitation scheme with 1 s and 1.5 s excitation times. A total of six measurements of the ratio

R were performed. The count rate was high enough to perform a count-rate class analysis on

both data sets [97], however the result showed no shift in the measured ratio. The maximum

length of time for a 82Zr16O+ measurement was 1.5 h, which led to a negligible shift in R̄ due

to magnetic field fluctuations. The difference in the mass-to-charge ratio between the ion of

interest and reference is 11. Folding this shift into the final ratio had a negligible effect as

well. The Birge ratio for this measurement was 1.45(19), so the final uncertainty was inflated

by multiplication with the Birge ratio. The final weighted ratio was R̄ = 1.126 770 338(31).

4.2.3 81Zr

81Zr was extracted doubly charged. While this reduced the amount of contamination ac-

companying the ion of interest, there was still some amount of 40Ar+ that passed through

the dipole mass separator after the gas stopper as well as the LEBIT time-of-flight filter.

Because of its much lower mass-to-charge ratio, the 40Ar+ was easy to clean with a targeted

dipole excitation. 41K+ was chosen as the reference. The cyclotron frequency of 81Zr2+

was measured with one 50 ms, two 100 ms, and one 200 ms continuous excitation as well

as one 100 ms Ramsey excitation. The 200 ms continuous resonance is shown in Fig. 4.2.
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The cyclotron frequency of the reference ion was measured with 500 ms continuous excita-

tions. A total of five measurements of the ratio R were performed. The 81Zr2+ rate was

low enough that a count-rate class analysis was infeasible to perform. Indeed, ∼ 90% of the

data consisted of two or fewer detected ions. A count-rate class analysis was performed on

the reference ion data. Comparing results with and without the count-rate analysis showed

a negligible difference, so the count-rate class analysis was not used. The longest 81Zr2+

resonance was ∼ 3 hours. Even with this long measurement time, systematic shifts due to

nonlinear drifts in the magnetic field are negligible (∼ 3×10−9) compared to the uncertainty

on the individual ratios (δR ∼ 1×10−7). The difference in the mass-to-charge ratio between

the ion of interest and reference was 0.5. Folding this shift into the final ratio led had a

negligible effect as well. The Birge ratio for this measurement was 1.49(21), so the final

uncertainty was inflated by multiplication with the Birge ratio. The final weighted ratio was

R̄ = 0.987 971 08(13).

4.2.4 80Zr

80Zr was extracted from the gas stopper as a singly charged oxide molecule 80Zr16O+. The

major contaminants identified at A/Q = 96 were C7H+
12 and C2H2Cl+2 . Both were cleaned

with targeted dipole excitations. The cyclotron frequency of 80Zr16O+ was measured with

three 50 ms and two 100 ms continuous excitations. A 50 ms resonance is shown in Fig. 4.2.

Two of the three 50 ms resonances appeared to have a possible contaminant ∼ 40 Hz below

the cyclotron frequency of 82ZrO+. These resonances were fit with a double resonance curve

to account for the contaminant. This contaminant could be explained by a plethora of

possible stable contaminants. The contaminant did not persist throughout the measurement

unlike the 80Zr16O+. The count rate in the trap was extremely low (< 1 particle per minute),
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Figure 4.2: TOF-ICR resonances for 83Zr2+, 82ZrO+, 81Zr2+, and 80ZrO+. The excitation
times (Trf ) are indicated in the figures as well. The red curves are analytical fits to the
data [6, 9].

so it was difficult to determine the exact species of the contaminant. 85Rb+ was chosen as a

reference and measured with 500 ms Ramsey excitations. A total of five measurements of the

ratio R were performed. The 80Zr16O+ rate was low enough that a count-rate class analysis

could not be performed. The count-rate class analysis performed on the reference was not

necessary due to the relatively low precision on the 80Zr16O+ measurements. Individual ratio

measurements uncertainties were all near 1× 10−6, so all systematic errors were negligible.

The final weighted ratio was R̄ = 1.129 829 01(99) with a Birge ratio of 0.58(21) indicating

that the measurement fluctuations were purely statistical and that the uncertainties may

have been overestimated.
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4.3 Mass Measurement Results

Table 4.1 lists the mass excesses, i.e. the difference between the mass of the atom and its

mass number, of each measured isotope calculated from the average ratios R̄ reported above

along with their comparisons to the Atomic Mass Evaluation of 2020 (AME20) [1]. The

mass measurement results are in good agreement with the mass values recommended by

AME20 [1], and provide an improvement of one order of magnitude or more to the precision

of the 80,81,83Zr masses. The AME20 values for 81-83Zr are derived mainly from previous

high-precision mass measurements. Penning trap mass measurements of 82,83Zr performed

at JYFLTRAP form the basis of the AME20 mass values for these isotopes [99, 100], while

a recent HIRFL-CSR storage ring measurement [101] dominates the AME20 mass of 81Zr.

Our measurement of 82Zr has the largest discrepancy from AME20 with a value 1.5σ lower.

The mass of 80Zr listed in AME20 is an extrapolated value calculated from neighboring

known nuclei using smooth trends of the mass surface. It is worth noting that two previous

mass measurements of 80Zr have not been included in the AME. A measurement with only

a single event performed at the Institut des Sciences Nucléaires [43] yielded a mass excess of

-55.5 (1.5) MeV. The second measurement, performed at GANIL [102], is significantly more

precise with a mass excess of -55 647 (150) keV; however, it has not been included in the

AME because other isotopes measured in the same experiment were in disagreement with

more recent high-precision results (e.g. 68Se [103,104] and 80Y [99,104]).

4.4 The Anomalous Mass of 80Zr

The mass measurement of 80Zr revealed that this nucleus is significantly more bound than

expected from systematic trends. Indeed, high-quality extrapolations of the mass surface
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Isotope Mass Excess AME20 [1] Difference
80Zr -55 128 (80) -54 760 (300)a -370 (310)
81Zr -57 556 (10) -57 524 (92) -32 (93)
82Zr -63 618.6 (2.5) -63 614.1 (1.6) -4.5 (3.0)
83Zr -65 916.33 (65) -65 911.7 (6.4) -4.7 (6.5)
a Extrapolated value based on trends of the mass surface.

Table 4.1: Mass measurement results. The mass excesses are relative to the mass number
of the isotopes of interest. The results are compared to the mass excesses recommended by
the AME20 [1]. All mass excesses are in keV. 1σ uncertainties are shown in parenthesis.

towards 80Zr have been produced by the AME collaboration and others; this has been

especially motivated by the astrophysical significance of this nucleus for X-ray bursts [105].

The mass value from this measurement is 370 (310) keV/c2 more bound than the extrapolated

value from AME20 [1], and 950 (260) keV/c2 more bound than the Lanzhou extrapolated

value [101].

To study the impact of this mass measurement, various binding-energy differences were

employed adopting the measured mass values for 80-83Zr. All other masses used in the

calculations were taken from AME20 unless stated otherwise. Along the N = Z line, nuclei

are known to be exceptionally well bound as neutrons and protons occupy the same shell

model orbitals. Therefore, a useful indicator is the double mass difference δVpn (eq. 1.6).

In Fig. 4.3a and Fig. 4.3b, δVpn is shown for the N = Z + 2 and N = Z sequences,

respectively. For nuclei away from N = Z, the overall behavior of δVpn is well described

by the macroscopic mass formula [24,106] (MMF): δVpn ≈ 2(asym + assymA
−1/3)/A, where

asym and assym are, respectively, symmetry and surface-symmetry energy coefficients. In

the MMF plotted in Figure 4.3a, the values asym = 35 MeV and assym = −59 MeV were

employed and determined through a fit to the data neglecting the outliers at A = 58, 82, 102.

Along the N = Z sequence, δVpn is strongly impacted by the Wigner energy [4], whose

behavior is more convoluted. Moreover, mass data on the neutron-deficient side of N = Z
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are scarce in the investigated region. Consequently, if some masses required for the δVpn

determination were not experimentally available, the recommended values from AME20 [1]

were used instead.

Although δVpn is expected to vary smoothly overall, fluctuations around the average

trend carry important structural information [23–25]. Binding-energy outliers, especially

those found in magic nuclei along the N = Z line, result in δVpn deviations for both N = Z

and N = Z + 2 sequences. Considering the N = Z + 2 results with masses from this

work, the value of δVpn for 82Zr (which is reliant on the mass of 80Zr) is a clear outlier,

being 185 keV lower than the MMF trend. This anomaly is similar to those found in 58Ni

and 102Sn, associated with the increased binding energies of the doubly-magic self-conjugate

nuclei 56Ni and 100Sn. The increased binding energy of 80Zr also impacts the N = Z trends

resulting in increasing values of δVpn for Zr and Mo. Note these values still depend on

extrapolated binding energies for 78Zr and 82Mo, respectively.

Analogous outliers can also be found inspecting other mass filters at 80Zr, such as the

two-proton shell gap δ2p [107]:

δ2p(N,Z) = 2B(N,Z)−B(N,Z + 2)−B(N,Z − 2)

= S2p(N,Z)− S2p(N,Z + 2),

(4.1)

which approximates the second derivative of the nuclear binding energy [107] making it a

useful quantity for studies of magic numbers and their appearance or disappearance across

a sequence of nuclei [13]. The δ2p mass filter as a function of proton number for both the

N = Z and N = Z+ 2 sequences is shown in Figure 4.4. Along the N = Z sequence, 80Zr is

again a clear outlier with a similar increase from the baseline that is observed in 56Ni. Note
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Figure 4.3: The effect of the anomalous mass of 80Zr on the mass indicator δVpn: a significant
decrease from the baseline in the N = Z + 2 sequence (a), and a slight rise in the N = Z
sequence (b), which mirrors the behavior of other doubly-magic nuclei (e.g. 56Ni and 100Sn).
Black circles represent mass data from the AME20 [1]. Red stars include data from this
work. Closed symbols (both circles and stars) include only experimental mass values from
AME20 [1]. Open symbols include mass extrapolations (AME20∗) from AME20 [1]. All
symbols include 1σ error bars. In many cases the error bars are too small to see. The
MMF prediction is marked by an orange line in (a). The thick teal line is the BMA result
based on several nuclear models (thin solid lines: DFT models; thin dashed lines: HFB-
24 and FRDM2012 models that include the Wigner-energy correction), and the light teal
band represents the uncertainty of the BMA approach. The vertical bands denote the magic
numbers 28 and 50 as well as the proton number of Zr, Z = 40.
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that this δ2p value still depends on the 82Mo extrapolated binding energy.

The results shown in Fig. 4.3 and 4.4 provide compelling empirical evidence for the

existence of a deformed shell closure in 80Zr. One needs to bear in mind, however, that

80Zr is a self-conjugate system and some additional contribution to its binding energy comes

from the Wigner energy. Usually, the Wigner term in even-even nuclei is parameterized as

EW = −aW |N − Z|/A (eq. 1.8). As discussed in [4] and Chapter 1, the Wigner-energy

coefficient W (A) = aW /A can be empirically extracted from the values of δVpn through

eq. 1.9. Data from this experiment, shown in Figure 4.5, indicate that the value of W (A)

at 80Zr and 56Ni is locally enhanced, contrary to the gradually decreasing trend for heavier

N = Z nuclei that is well captured by the value of aW = 47 MeV obtained in [4]. A note of

caution is in order: some contribution to the local increase of the empirical value of W in

80Zr and 56Ni can be attributed to the enhanced binding due to their shell structure. The

contributions of the Wigner energy and shell structure will be disentangled with another

mass filter below.

Experimental masses offer a way to assess the size of the deformed N = 40 single particle

gap. This can be done by employing an estimate of the single-particle energy gap at the

Fermi level:

∆e(N,Z) = en+1 − en =2[∆
(3)
n (N = 2n, Z)−∆

(3)
n (N = 2n+ 1, Z)]

=(−1)N [Sn(N,Z)− Sn(N + 2, Z)],

(4.2)
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Figure 4.4: The effect of the anomalous mass of 80Zr on the mass indicator δ2p: a decrease
from the baseline in the N = Z + 2 sequence (a), and a corresponding rise in the N = Z
sequence (b). Black circles represent mass data from the AME20 [1]. Red stars include
data from this work. Closed symbols (both circles and stars) include only experimental
mass values from AME20 [1]. Open symbols include mass extrapolations (AME20∗) from
AME20 [1]. All symbols include 1σ error bars. In many cases the error bars are too small
to see. The thick teal line is the BMA result based on several nuclear models (thin solid
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approach. The vertical bands denote the magic number 28 and the proton number of Zr,
Z = 40.
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where ∆
(3)
n (N,Z) is the three-point mass difference also referred to as the pairing gap [10]:

∆
(3)
n (N,Z) =

(−1)N

2
[2B(N,Z)−B(N − 1, Z)−B(N + 1, Z)]

=
(−1)N

2
[Sn(N,Z)− Sn(N + 1, Z)].

(4.3)

Figure 4.6 shows ∆e for the Zr isotopic chain (see [108] for the applications of ∆e to the

K and Ca chains). Some masses of proton-rich Zr isotopes needed to determine ∆e are

not known experimentally; those have been taken from mass relations of mirror nuclei by

Zong et al. [11] because they are better constrained than the extrapolations from AME20.

Furthermore, it is difficult to trust the AME extrapolations near 80Zr due to the discrepancy

between the measured value and the extrapolation for 80Zr. It is seen that ∆e reaches a

maximum for 90Zr at the spherical magic number N = 50 and a local maximum for 80Zr at

the deformed magic number N = 40. Since the latter value can be affected by the Wigner
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energy, the binding-energy contribution from EW was removed by applying two models:

EW (1) (eq. 1.7) [3] and EW (2) (eq. 1.8) [4]. The resulting correction to ∆e practically

affects the N = 40 value only. The expression EW (1) is well localized at N = Z and reduces

∆e by about 300 keV. The expression EW (2) decreases linearly with the neutron excess, and

the corresponding reduction of ∆e is about 1.1 MeV. Even in this case, the energy gap at

N = 40 is a factor of 2-3 larger than ∆e for 42 ≤ N ≤ 48. While the size of this gap is

reduced as compared to the spherical N = 50 gap, it is characteristic of the deformed shell

closure observed in Fig. 1.2. The strong shell effect comes from the self-conjugate nature of

80Zr as the deformed proton and neutron shell effects reinforce one another.

4.5 Bayesian Analysis of Mass Models

To obtain improved theoretical mass predictions in the 80Zr region, A Bayesian statisti-

cal analysis combining Gaussian process extrapolation and BMA [109] of eleven theoretical

global mass models following the same procedure as in [39, 110] was conducted by nuclear

theory and statistics collaborators R. Jain, S. A. Giuliani, W. Nazarewicz, and L. Neuf-

court. The BMA framework uses the collective wisdom of the models, constrained by data,

to make predictions and quantify uncertainties. In this study 9 nuclear density functional

theory (DFT) models were considered [111–119]. Two additional mass models commonly

used in nuclear astrophysics studies were also considered: FRDM2012 [120] and HFB-24 [3].

Details on the individual models and the BMA methodology can be found in the included

references.

The BMA predictions for δVpn are shown in Fig. 4.3. The predictions for N = Z + 2

are well constrained outside the region 38 < Z < 50 due to the wealth of experimental mass
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Figure 4.6: The empirical single-particle energy gap ∆e(N) at the Fermi level for the chain
of even-even Zr isotopes extracted from nuclear binding energies according to [10]. Black
squares represent mass data from the AME20 [1]. Open gray squares include AME20 mass
extrapolations (AME20∗). Open stars represent the data from this work augmented by
mass extrapolations from [11]. These values of ∆e were further corrected by removing
contributions from the Wigner energy term EW (1) (solid line [3]) or EW (2) (dash-dotted
line [4]). No uncertainty is assigned to EW (1) or EW (2), so the error bars for the corrected
∆e values match those of the corresponding uncorrected values. The corrected ∆e error bars
are only shown for 80Zr. All error bars represent a 1σ uncertainty. In many cases the error
bars are too small to see. The vertical bands denote shell closures at N = 40 and N = 50.
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data. In the region 38 ≤ Z ≤ 50, the BMA results are consistent with the AME20 data and

the MMF trend. At Z = 40, the experimental δVpn value, which includes the mass results of

80,82Zr from this experiment, falls just within the error band. The BMA result for δVpn along

the N = Z line in the region Z > 30 does not agree with either the AME20 extrapolations

or the LEBIT values. Two of the models, FRDM2012 [120] and HFB-24 [3], that include the

phenomenological Wigner term perform slightly better than the density functional theory

(DFT) models. However, they still fall short of the experimental trends, most likely due to

an underestimated Wigner energy. Indeed, the value of aW in FRDM2012 [120] is 30 MeV,

which is significantly less than aW = 47 MeV representing the average trend seen in Fig. 4.5.

The Wigner energy EW (1) of HFB-24 is even smaller.

The BMA predictions for δ2p are shown in Fig. 4.4 and similar trends seen in the δVpn

results are observed. For the N = Z + 2 sequence, the BMA prediction agrees with ex-

periment within the estimated uncertainty. For N = Z, the BMA prediction falls short of

the experimental trends for Z > 28. Similar to what is seen in Fig. 4.3b, the HFB-24 and

FRDM2012 models that include the Wigner-energy correction lie slightly below the experi-

mental data points again suggesting that the Wigner energy term is underestimated by both

models. In both the N = Z + 2 and N = Z sequences, the BMA predicts a local maximum

at Z = 40 indicating that a portion of the shell structure effect is likely being captured.

4.6 Conclusion and Perspective for 80−83Zr Mass Mea-

surement

The high-precision mass measurements of 80-83Zr performed at the LEBIT facility allow a

more detailed investigation of the mass surface in the region of strongly deformed nuclei with
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N ≈ Z ≈ 40. The measurement reveals a significant enhancement in the binding energy

of 80Zr. By considering binding-energy indicators, this enhancement can be attributed to

a deformed double-shell closure and an increase in the Wigner energy of this exotic self-

conjugate system. A Bayesian average based on eleven global mass models was unable to

account for the new mass value of 80Zr as the Wigner-energy enhancement has not been

taken into account microscopically. The comparisons to theory demonstrate the challenges

posed by this region of the nuclear chart where deformation effects, isospin breaking effects,

and proton-neutron pairing can coexist. The interplay between theory and experiment was

crucial in understanding this region of the nuclear chart. While the deformed shell gap at

N = Z = 40 was predicted over 30 years ago [2, 28], a lack of precise experimental data

prevented a quantitative assessment of the gap’s size until now.

In order to test the robustness of the deformed shell closures near N ≈ Z ≈ 40, the mass

surface must be defined towards and beyond the isotopes of interest, so that variations in

the binding energy evolution are properly captured and the dependence on extrapolation is

removed. Since nuclear structure phenomena manifest in the scale of hundreds of keV to

few MeV, masses should be measured to an uncertainty less than 100 kev/c2 for detailed

structural investigations. In the case of 80Zr, it would be desirable to improve the precision on

the mass value of 80Zr and determine the binding energies of 78,79Zr (towards lower neutron

number) as well as 81Nb and 82Mo (towards higher proton number). To evaluate pairing

gaps in the nearby neighbors 78,79Y, the masses of 77−80Y, 77,78Sr, and 79,80Zr are required.

Among these, the masses of 77,78Sr and 80Y have already been measured to < 10 keV/c2

via Penning trap mass spectrometry [99, 121, 122]. An FRIB proposal has been accepted

to perform mass measurements of 78−80Zr and 77−79Y, which will remove many of the

experimental gaps in this region of the nuclear chart. Measurements of 81Nb and 82Mo are
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not currently within reach due to their very short lifetimes and/or low production rates.
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Chapter 5

The Development of the Single Ion

Penning Trap Mass Spectrometer for

Rare Isotopes

While FRIB will allow access to many additional rare isotopes, some of these isotopes,

like 100Sn – the heaviest N = Z nucleus, will still be produced at low rates (expected

rate ≤ 1 particle per minute at LEBIT) during the first year of operation. These low rates are

at odds with the current destructive mass measurement techniques used at LEBIT and other

rare isotope PTMS facilities around the world. Hence, more sensitive mass measurement

techniques are needed. This chapter presents the development of LEBIT’s single ion Penning

trap (SIPT) that makes use of the nondestructive FT-ICR technique described in Chapter 2.

Some of the work presented in this chapter was published in [8] and discussed in [12]. Since

the release of [8, 12], simulations, physical upgrades, and experimental studies have been

performed to guide SIPT towards it’s ultimate goal: precision mass measurements with a

single ion.
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5.1 SIPT Design

5.1.1 The Beamline

The SIPT beamline was designed to be an extension of the LEBIT main trap beamline.

Fig. 5.1 provides a layout of the SIPT beamline, which connects to the main beamline just

after beam observation box 4 (BOB4). A 25° spherical kicker is used to divert ions from

the cooler and buncher off the main beamline and into the SIPT beamline. Ions then move

through a series of two electrostatic quadrupoles, a 115° cylindrical bender, which is split

by another electrostatic quadrupole, and two final electrostatic quadrupoles. These five

quadrupoles along with the bender complete the steering and focusing through the beamline

bend. After the bend, ions are focused with two Einzel lenses before entering the SIPT

magnet. Just before the magnet, at SIPT BOB3, an MCP in the Daly configuration [92]

is setup to allow for TOF-ICR. The MCP and Daly collector are also used to extend the

electric potential between the SIPT beamline and the drift tubes within the magnet. Faraday

cups and phoshor screens are present at both SIPT BOB1 and BOB2 to help diagnose and

improve beamline transmission.

Upon entering the magnet, ions pass through a series of six drift tubes that transport

them through the magnet and reduce their energy for optimal capture in the Penning trap.

After the six drift tubes, a set of Lorentz steerers are used to steer the ions either off-center

for νc measurements or on-center for ν+ measurements. A final drift tube is between the

Lorentz steerers and the Penning trap.
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Figure 5.1: Layout of the SIPT Beamline. Figure adapted from [12].

5.1.2 The Penning Trap

5.1.2.1 The Magnet

The SIPT magnet is a 7 T superconducting solenoid from Oxford Instruments. It has

excellent field stability over time with a field decay of ≤ 50 ppb/hr. Active shielding is also

employed to reduce the fringe field outside the magnet. Possible frequency shifts associated

with the magnetic field are due to field decay over time, trap vibrations caused by the

cryocooler expansion cycle, and misalignments between the trap and the magnetic field.

The field decay can be accounted for by taking occasional measurements of reference ions

with a well-known mass. The cryocooler expansion cycle has a period of ∼ 1 s, which could

cause a slow trap vibration within the magnet. The shift in the cyclotron frequency due to
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this vibration can be estimated by

∆νc
νc

=
dBrel
dZ

∆Z (5.1)

where ∆νc/νc is the relative cyclotron 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. Using

a worst-case relative field gradient of 4 × 10−7/mm based on Oxford magnet specifications

and 20 µm for the peak-to-peak amplitude of the vibrations (typical maximum expected for

a pulse tube cryocooler) leads to a relative frequency shift of less than 8 ppb.

Shifts in the cyclotron frequency due to a misalignment between the trap and the mag-

netic field scale approximately with the square of the misalignment angle θ [74]:

∆νc ≈ ν−
(9

4
θ2 − 1

2
ε2
)

(5.2)

where ε is the eccentricity of the trapping potential. The angular alignment between the

magnetic field and the bore tube was determined using an NMR probe to measure the 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. From this data and assuming the trap is perfectly aligned with the bore tube, a

misalignment of θ ≈ 0.002◦ was found resulting in mass shifts well below 1 ppb. Additional

frequency shifts can still be introduced from a misalignment between the trap axis and

the bore tube. However, these shifts must be evaluated experimentally. If they happen to

be significant, they can likely be compensated by introducing eccentricity to the trapping

potential.
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5.1.2.2 The Penning Trap Electrode System

A design drawing of the SIPT Penning trap electrode system along with its dimensions can

be seen in Fig. 5.2 and Table 5.1, respectively. The size and geometry of the electrode system

is of particular importance for SIPT. SIPT uses a hyperbolic trap geometry, which provides

the best approximation of a perfect quadrupole potential with finite electrodes [70,72]. The

design of the electrodes is based on the Penning trap used in the 9.4 T magnet but scaled

down to 50% of the size. The smaller size of the trap minimizes the radius of the ions’

motion which in turn minimizes frequency shifts due to special relativity. Relative cyclotron

frequency shifts due to special relativity scale with the square of the radius of the modified

cyclotron motion [72] and are expected to be less than 6 ppb for masses greater than 70 amu.

Furthermore, these frequency shifts will mostly cancel if the reference ion and ion of interest

are a mass doublet. Field imperfections due to the finite size of the end cap and ring

electrodes as well as the hole in the end cap are largely compensated by correction ring

and tube electrodes. A method for minimizing frequency shifts due to field imperfections is

presented later in this chapter.

a (Height Endcap-to-Endcap) 28 mm
b (Radial Width) 28 mm

LCR 3.9 mm
ρ0 6.485 mm
z0 5.59 mm
ra 2 mm
α 54.74◦

Table 5.1: SIPT Penning trap dimensions. The labels in the left column are depicted in
Fig. 5.2.

The trap electrodes are made of oxygen-free copper with 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 thermal conductivity across
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Figure 5.2: Design drawing of the SIPT hyperbolic Penning trap electrode structure. The
trap dimensions are listed in Table 5.1. Figure taken from [8,12].

the trap. The ring electrode is segmented into eight identical pieces to allow for flexibility

in the detection and excitation configuration making it possible to create configurations for

detecting either the modified cyclotron frequency or the cyclotron frequency. Pictures of

the trap before, during, and after assembly are presented in Fig. 5.3. All trap voltages

except those for the correction tubes first pass through a cryogenic filter board to prevent

noise from the power supplies being detected in the FT-ICR signal. The correction tube

wires were decoupled from the filter board to allow current pickup off the tubes for beamline

tuning.

5.1.3 The Cryogenic Image Charge Detection System

As mentioned in Chapter 2, the SIPT detection circuit must be operated at cyrogenic tem-

peratures to achieve single ion sensitivity. An illustration of the detection circuit is presented
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Figure 5.3: SIPT Penning trap before assembly (Left), during assembly (Middle), and after
assembly (Right). A quarter is shown for scale. Figure adapted from [8,12].

in Fig. 5.4, and an image of the NbTi inductor coil and it’s casing is shown in Fig. 5.5. The

cryogenic amplifier utilizes gallium arsenide (GaAs) FET technology to provide low noise

amplification at cryogenic temperatures. To minimize noise pickup on the wires, the ampli-

fier is kept as close as possible to the Penning trap. The output from the cryogenic amplifier

is delivered by cryogenic coaxial cable to a room temperature A7-2 amplification module.

The A7-2 also provides stable, low-noise DC supply voltages to the cryogenic amplifier via

an internal PID loop. After passing through the room temperature amplifier, the signal is

sent through 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 for high-resolution signal sampling with less data.

For the first tests of FT-ICR, the trap has been wired for dipole pickup of the modified

cyclotron frequency ν+. Three adjacent ring segments were connected together to provide

ample surface area for image current pickup. The three adjacent segments opposite the

pickup segments are grounded for signal reference. The remaining two ring segments are

used for the rf signals to drive the ions’ motion. In principle, a stronger ν+ signal could be

obtained by using the grounded segments for differential signal pickup. However, the current

cryogenic amplifier is known to perform much better with single-input pickup.
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Figure 5.4: Illustration of the SIPT detection circuit. The inductor and cryogenic amplifier
wiring are shown on the left, while the trap ring electrodes are shown on the right. Figure
adapted from [8,12].

Figure 5.5: The 600 µH NbTi inductor coil (Left) and NbTi inductor case (Right) used for
the SIPT FT-ICR detection circuit. Figure adapted from [8,12].
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Cryo Amplifier, Filters, 

NbTi Resonator

Penning 

Trap Injection Optics
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Figure 5.6: Overview of the SIPT cryogenic system components (Top Right) as well as
images of the inside of the detection box where the cold head is located (Top Left). The
injection optics, Penning trap, and 4 K chamber that houses the cryogenic filters and de-
tection electronics are also shown (Bottom). Several of these components are wrapped in
Mylar insulation. Figure adapted from [8].

The cryogenic temperatures necessary for single ion sensitivity are achieved using the

PT415 cryorefrigerator with the CP1110 helium compressor from Cryomech, Inc. This pulse

tube cryocooler has no moving parts in the low-temperature section resulting in very low

vibrations. The model is operated with a remote motor located off the high voltage platform

allowing the compressor package to remain at ground. The compressor is connected to the

back of the cold head by transfer lines with a high-voltage insulating break.

An overview of the SIPT cryogenic system is presented in Fig. 5.6. The SIPT cryocooler

includes two temperature stages. The first stage reaches temperatures around 50 K and is

thermally coupled to a copper shield which surrounds the lower temperature stage. The

50 K copper shield consists of a long hollow tube, which extends through the magnet bore
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SIPT 4 K Connection from Cold Head to 4 K Chamber

SIPT 4 K Chamber (Houses Cryogenic Filters & Detection Electronics)

Figure 5.7: SIPT 4 K stage wrapped in Mylar insulation to reduce radiative heating from
the surrounding 50 K stage. Figure adapted from [8,12].

and acts as both a heat shield and housing for all of the components of SIPT that sit

inside the magnet. The second stage reaches temperatures around 4 K and is thermally

coupled to the SIPT cryogenic components including the superconducting resonator circuit,

cryogenic amplifier, cryogenic filters, and Penning trap electrodes. The cold head sits inside

the SIPT detection box, which is mounted to the end of the SIPT magnet. It is connected

to the cryogenic components via a long copper arm which extends into the bore of the

magnet. The 4 K stage copper arm connection as well as the chamber housing the detection

electronics and cyrogenic filters are shown in Fig. 5.7. A copper shield inside the SIPT

detection box connects to the 50 K stage and surrounds the cold head helping to isolate

the 4 K stage. As can be seen in Fig. 5.6 and Fig. 5.7, several 4 K stage components are

wrapped in aluminum coated Mylar insulation to reduce radiative heating from the 50 K

stage. Apiezon N cryogenic high-vacuum grease is also applied between joints to increase

thermal conductivity.
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5.2 Simulations

5.2.1 Detection Scheme Simulations

The FT-ICR signal strength is highly dependent on the specific electrode configuration used

to detect the ion’s motion in the trap. As expressed in eq. 2.19, the signal strength is

proportional to both the ion’s velocity and the electric field produced by the detection

electrodes. The velocity of the ions in an ideal Penning trap can be determined analytically

from the equation of motion. In Cartesian coordinates where the axis parallel to the magnetic

field is defined as the z-direction, the ion’s position is given by

x = ρ+ cos(ω+t) + ρ− cos(ω−t)

y = ρ+ sin(ω+t) + ρ− sin(ω−t)

z = ρz cos(ωzt)

(5.3)

where ρ+, ρ−, and ρz are the initial radii of the eigenfrequencies ω+, ω−, and ωz respectively.

Differentiating these expression with respect to time, t, gives the velocities:

vx = −ρ+ω+ sin(ω+t)− ρ−ω− sin(ω−t)

vy = ρ+ω+ cos(ω+t) + ρ−ω− cos(ω−t)

vz = −ρzωz sin(ωzt).

(5.4)

The electric field must be solved numerically, which was done using SIMION [123]. Be-

cause image currents in SIPT are detected solely off the ring electrodes, the field only needed

to be solved for the 8 ring electrodes. The dimensions of the simulated electrodes matched

those of the SIPT trap, and a 0.25 mm/grid unit scaling was used. The field was refined to

63



a relative level of 5 × 10−7. The refined electric field calculated by SIMION can be scaled

by the voltages applied to each of the 8 ring electrodes. For the signal strength calculations,

only ±1, 0 V were needed. The detection configurations were labeled in terms of the applied

voltages to each electrode with a label of P for +1 V, M for −1 V, and 0 for 0 V. Ring

electrodes used for rf-excitations were given a voltage of 0 V. The current configuration has

a label of PPP00000, for example (see Fig. 5.10 for an illustration of two detection schemes).

The signal strength could then be calculated as S(t) = ~v · ~E.

The simulations were run over a period of T = 1 ms with a time step of dt = 100 ns. All

combinations of integer steps of ρ± from 0 to 6 mm such that ρ+ + ρ− ≤ 6 mm and ρz from

0 to 5 mm were simulated for each detection configuration. The signal strengths for νc and

ν+ were determined using the lock-in method:

S(ν) =

(∫ T0 S(t) · cos(2πνt)dt

T

)2

+

(∫ T
0 S(t) · sin(2πνt)dt

T

)2
1/2 . (5.5)

Fig. 5.8 shows the signal strengths for ν+ and νc as a function of ρ+ and ρ− for the

current detection configuration PPP00000. From Fig. 5.8 (Left), it is clear that the ν+

signal strength increases with increasing ρ+. Hence, stronger ν+ signals are achieved by

driving the ion’s ρ+ as close as possible to the ring electrodes. To obtain stronger νc signals,

both ρ+ and ρ− must be driven to the same distance and as close as possible to the ring

electrodes (see Fig. 5.8 (Right)). Note that the maximum ν+ signal strength is 3.6 times

larger than the maximum νc signal strength.

Fig. 5.9 shows the ν+ and νc signal strengths for three configurations. The ν+ signal

strengths are relative to the PPPP0000 configuration, which is the best possible approxima-
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Figure 5.8: Heat maps of the PPP00000 configuration’s signal strengths versus ρ+ and ρ−
for ν+ (Left) and νc (Right). The signal strength is denoted using a blue to red color scale.
Black squares denote combinations of ρ+ and ρ− that are unphysical as they exceed the
radius of the trap.

tion of a dipole configuration with the single-input amplifier. The νc signal strengths are

relative to the PP00PP00 configuration. In both cases, if the true dipole and quadrupole

configurations were possible, the signal strengths would be double their respective best ap-

proximations for a single-input amplifier. The current configuration performs well for picking

up ν+ but poorly for νc. However, adding one additional electrode directly opposite the three

electrodes currently used doubles the νc signal strength. The loss in the ν+ signal strength

with this PPP00P00 configuration is minimal. The ratio of the maximum signal strengths

for ν+ to νc for the PPP00P00 configuration is 1.7. Hence, with this configuration, maximal

ν+ signal strengths should be almost double the size of the maximal νc signal strengths.

Rewiring the SIPT detection circuit with the PPP00P00 (Fig. 5.10 (Right)) configuration

would allow simultaneous measurements of ν+ and νc making ion identification and verifi-

cation more robust.
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Figure 5.10: Illustration of the ring electrode detection configuration for the current config-
uration (Left) and optimal configuration for detecting both ν+ and νc (Right).
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5.2.2 Improved SIPT Beamline Simulations

In the past, simulations of the SIPT beamline were performed using SIMION [123] to de-

termine the optimal voltages needed to maximize ion transport to the Penning trap while

simultaneously minimizing the ions’ radial energy inside the trap. The voltages applied to

the bending elements and electrostatic quadrupoles were verified experimentally, however

the voltages of the Einzel lenses led to poor transmission efficiency to the Penning trap. To

explore this issue, simulations were performed again to find more optimal voltages for the

Einzel lenses as well as the first few drift tubes. Table 5.2 compares the original simulation

to the updated simulation for the Einzel lenses (EL) and first three drift tubes (DT). The

visual result of sending 1000 ions one at a time down the beamline is shown in Fig. 5.11. The

ions’ initial conditions were taken from simulations of ions exiting the cooler and buncher.

With the voltages shown in Table 5.2, over 99% of the ions were transported to the back of

the Penning trap. However, it is worth pointing out that many of the ions still have initial

cyclotron motion when entering the trap. This can lead to the smearing of FT-ICR signals,

which is discussed later in the chapter.

Two methods were used to determine the optimal values experimentally. First, a con-

tinuous Kr+ beam from the offline Colutron ion source was measured at several Faraday

cups along the beam line. The Faraday cup readings were compared to measurements of the

current detected on the Penning trap correction tube farthest from the entrance of the trap

(CTB). A hand tuning was performed in this manner. After hand tuning with DC beam,

the signal strength of FT-ICR signals was used to tune beamline elements. An optimizer

program was created to scan various elements and choose an optimal value. These methods

resulted in the experimental values seen in Table 5.2.
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Figure 5.11: Image of the SIPT Beamline SIMION simulation. The black lines represent
individual ion paths. Just over 99% of ions from the cooler and buncher reach the back of
the Penning trap.

Element Original Voltage Updated Voltage Experimental Voltage Difference
EL1 -4675 -1725 -1725 0
EL2 -3820 -2900 -2750 -150
DT1 NA -1900 -1950 50
DT2 NA -550 -555 5
DT3 NA -1775 -1775 0

Table 5.2: Ion optics simulations. All voltages and differences are in V. The original voltages
are from the first simulation. The updated voltages are from the new simulation. The
experimental values are the current best voltages for maximizing ion transport efficiency.
Not all beamline elements were simulated in the original simulation. A not applicable (NA)
has been placed in those spots.

To verify the performance of this beamline tuning method, a scan of the beam’s axial

energy profile was performed. Measurements of the beam current were taken at BOB4 (just

after the cooler and buncher) and on CTB. The voltages of all trap electrodes except the

ring electrodes and CTB were scanned, and the fraction of current remaining at the back

of the trap was recorded. CTB was kept at -33 V. The ring electrodes could not be biased

because they are involved in the detection circuit, so they were kept at ground. Varying the

trap electrode voltages produces a potential barrier that only allows ions with enough energy

68



Front View Side View

Beam direction

Beam direction CTB

Ring Electrodes
Ring Electrodes

Potential 
Barrier

Potential 
Barrier

0 V
0 V

Figure 5.12: The potential barrier used to measure the beam’s energy profile. The equipo-
tential lines are shown in green. The trap electrodes are shown in black. The direction of
the ion beam is indicated with a red arrow. The potential barrier in this figure is produced
by biasing CTB at -33 V, grounding the ring electrodes, and biasing all other trap electrodes
at -20 V.

to pass over. The potential barrier produced by biasing CTB at -33 V, grounding the ring

electrodes, and biasing all other trap electrodes at -20 V is shown in Fig. 5.12.

A plot of the fraction of beam remaining on CTB as function of the potential barrier is

shown in Fig. 5.13. At a potential barrier of -20.6 V, just over 90% of the beam is delivered to

the back of the trap. As the barrier increases, the efficiency begins to decrease. The majority

of the losses occur between -7.5 and 0 V. This can be seen by examining the derivative of

the remaining beam on CTB. This 7.5 V difference is roughly the axial energy spread of the

ions just before entering the trap. The spread is due to a combination of a lack of cooling

from the cooler and buncher since DC beam is being used as well as a pickup of radial energy

as the ions enter the magnetic field. The latter effect can be reduced with further beamline

tuning studies. As mentioned earlier, the spread in the beam energy can lead to the smearing

of FT-ICR signals, which is investigated later in this chapter.
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Figure 5.13: The fraction of beam remaining on CTB as a function of the potential barrier
is indicated with red squares. The numerical derivative of this curve is indicated with blue
circles.

5.3 SIPT General Studies

5.3.1 TOF-ICR with SIPT

In addition to FT-ICR detection, SIPT was designed to allow for the use of TOF-ICR, which

is useful for optimizing steering and focusing as well as trap voltages and timings. The SIPT

BOB3 MCP used to perform TOF-ICR is set up in the Daly configuration [92]. Due to the

cryogenic FT-ICR detection circuit, ions must be extracted from the same side of the trap

which they entered and pass through the same injection optics. In order to do this, the Daly

collector, the Lorentz steerers [76], and several of the drift tubes must be switched while

the ions are in the trap. A conceptual overview of the reverse extraction configuration is

presented in Fig. 5.14. As ions pass the MCP upon injection, the Daly collector is set to
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Figure 5.14: Conceptual overview of reverse extraction from the Penning trap for TOF-ICR.
Figure adapted from [8,12].

the same voltage as the MCP (-2 kV), and the Lorentz steerers are set to their off-center

values to give the ions initial magnetron motion [124]. Once the ions enter the trap, the Daly

collector is set to -8 kV, and the Lorentz steerers are set to 0 V to remove the ~E × ~B force.

Several of the drift tubes near the maximum of the magnetic field gradient (drift tubes 3,4,

and 5) are also switched to voltages closer to ground to allow for slower extraction leading

to higher resolution in the time of flight and larger time-of-flight effects in the resonances.

39K+ was used to obtain the first TOF-ICR resonance at cryogenic temperatures. Fig. 5.14

shows a 50 ms excitation TOF-ICR resonance. A relative uncertainty of δνc/νc = 2× 10−7

was obtained from the fit to the data.

It is important to note the difficulties that occurred when using the reverse extraction

mode. Switching a few kV within a magnetic field can lead to sparking. To help remedy this
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Figure 5.15: 50 ms TOF-ICR resonance of 39K+ at cryogenic temperatures.

effect, the electrodes must have sufficient time to switch. This leads to extra trap storage

time on the order of 100 ms, which is not ideal for certain beamline tuning measurements.

Furthermore, low-noise HV switches for the Daly collector, which is switching 6 kV, are

expensive and fragile.

5.3.2 Resonator Response

The response of the resonator circuit has been thoroughly tested at cryogenic temperatures.

One method for testing the resonator response is to feed in 20 mVpp noise over a 2 MHz

bandwidth to one of the rf drive segments of the trap’s ring electrode. Using this method,

the resonator response observed at 5.2 K can be seen in Fig. 5.16. The quality factor was

measured by fitting the response with a Lorentz function and found to be 2784, exceeding
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Figure 5.16: Frequency domain response of the SIPT narrowband FT-ICR cryogenic detec-
tion circuit operating at 5.2 K. Figure adapted from [8,12].

the quality factor of ∼ 2000 advertised by the manufacturer.

Using the resonator frequency and the known value of the inductance L = 600 µH, the

parasitic capacitance of the trap electrodes and wires can be calculated resulting in a value

of 28 pF. The parasitic capacitance is very sensitive to any changes to the detection circuit,

so the value typically has to be remeasured after each change. To make optimal use of SIPT,

the center frequency of the resonator should be tunable to allow for measurements of multiple

isotopes at different mass numbers during an experimental campaign. This is accomplished

with a varactor diode, which provides voltage-dependent capacitance adjustments.

5.3.3 Varactor Studies

The cryogenic amplifier is equipped with two GaAs high-Q varactor diodes in parallel at the

input of the amplifier, which should provide a tunable capacitor. However, the combination

of high magnetic field strength and low temperatures led to a malfunction in the varactor

that caused a significant decrease in the quality factor of the resonator circuit.
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Figure 5.17: Resonator response as a function of frequency for varactor voltages between 0
and 10 V. Each response is offset by a factor of 10 from the previous voltage response. Two
large noise peaks have been removed from the plot.
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Figure 5.18: Resonator frequency as a function of varactor voltage.

A replacement varactor was installed that mitigates the problems caused by the original

varactor. The new varactor adds between 1.3 pF and 6 pF of capacitance, which is adjustable

through the reverse biasing voltage (10 V provides 1.3 pF while 1 V provides 6 pF). Fig. 5.17

shows the resonator response as a function of frequency for 1 V varactor voltage steps from

0 V to 10 V. Fig. 5.18 shows the resonator frequency as a function of the varactor voltage.

This measurement was taken with an extra 6.1 pF of capacitance added in parallel to the

detection circuit to achieve a frequency range that would cover A = 96. Nominally, the

resonator circuit is near A = 85.

One feature that is evident from Fig. 5.17 is the decrease in the quality factor as the

varactor biasing voltage decreases. Fig. 5.19 (Left) shows the Q-factor as a function of the

varactor voltage. At low varactor voltages, the Q-factor is well below 1000. This lowers
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Figure 5.19: (Left) Q-factor as a function of the varactor voltage. (Right) Q-factor as a
function of the varactor heater voltage for a varactor voltage of 4 V.

the signal-to-noise ratio, which could lead to difficulties detecting single ions. To raise the

Q-factor, a controllable heater has been attached to the varactor, which allows for localized

temperature increases. The temperature of the varactaor and the Q-factor can be raised by

increasing the heater voltage as seen in Fig. 5.19 (Right). 1 V supplies 100 µW of power

while 10 V supplies 10 mW.

5.3.4 Trap Tuning

A non-harmonic electric field can cause frequency shifts that lead to lower accuracy for a Pen-

ning trap. The non-harmonic imperfections originate from the holes in the end cap electrodes

and the truncation of the hyperboloid structure. To study the effects of these imperfections,
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the octupole and dodecapole terms of the trapping potential must be considered [81]:

V4(ρ, z) = C4

(
U0

2d40

)[
z4 − 3z2ρ2 +

3

8
ρ4
]
, (5.6)

V6(ρ, z) = C6

(
U0

2d60

)[
z6 − 15

2
z4ρ2 +

45

8
z2ρ4 +

5

16
ρ6
]
, (5.7)

where C4 and C6 are the octupole and dodecapole correction strengths, respectively, and

U0 is the potential difference between the endcap and ring electrodes. The higher-order

terms scale with 1/dl where l indicates the order of the expansion (l = 2 corresponds to

the quadrupole term of the expansion, for example). Hence, higher-order terms become

increasingly smaller, so they are typically not considered. The frequency shifts caused by

these higher-order terms are [72,81]:

∆ν± ≈ ±
3

4

C4

d20
ν−
[
ρ2± + 2ρ2∓ − 2z2

]
, (5.8)

∆ν± ≈
15

16

C6

d40
ν−
[
− 3z4 + 6z2(ρ2± + 2ρ2∓)− (ρ4± + 3ρ4∓ + 6ρ2+ρ

2
−)
]
, (5.9)

for the octupole and dodecapole terms, respectively. Using νc = ν+ + ν−, one can estimate

the shift on νc:

∆νc ≈
3

4

(ρ2− − ρ2+)

d20
ν−
[
C4 +

5

2

C6

d20
(3z2 − ρ2+ − ρ2−)

]
. (5.10)

There are two ways to minimize the frequency shifts seen in eq. 5.10. The first is to ensure

that ρ− = ρ+. This method is infeasible for TOF-ICR since it relies on the conversion of one

motion into the other. However, it is possible for FT-ICR. In fact, a quadrupole excitation

at the frequency ν+− ν− would accomplish this. While this drive frequency has been tested

with simulations, it has not been explored experimentally with SIPT due to the small νc
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signal strengths. The second method is to minimize C4 and C6. This can be accomplished

with the correction ring and correction tube electrodes. The optimal correction electrode

voltages can be determined numerically using SIMION. The voltages are calculated relative

to the trap depth, which for SIPT, is simply the end cap voltage since the ring electrodes

are grounded. The SIPT calculated values are 0.353 for the correction ring and 1.695 for the

correction tube. For an end cap voltage of 22.5 V, which is the current end cap voltage used

in SIPT, these ratios correspond to correction ring and tube voltages of 7.94 V and 38.14 V,

respectively.

Methods for minimizing these coefficients experimentally have been outlined before [125,

126]. They involve scanning the voltages applied to the correction electrodes while mini-

mizing frequency shifts in ν+ as a function of the capture time (e.g. the time at which the

trapping voltage is switched from a low voltage allowing ions to enter the trap to a high volt-

age creating the quadrupolar electrostatic potential) and νc as a function of the quadrupole

excitation amplitude. Similar techniques have been explored with SIPT; the measurement

process is outlined below.

For a set of voltages applied to the correction electrodes, a measurement of the reduced

cyclotron frequency ν+ as a function of the capture time is performed. This measurement

probes the dependence of ν+ on the ion’s axial location in the trap. Poor capture times lead

to large axial oscillations allowing access to regions of the electric field where imperfections

are most likely to be present. Results from this measurement for several correction tube

values can be seen in Fig. 5.20 (Left). A quadratic fit to this data can be used to extract a

concavity. Minimal frequency shifts are observed when the concavity is zero. A measurement

of ν+ as a function of the dipole rf-excitation amplitude at a frequency near the ion’s ν+

frequency probes the dependence of ν+ on the ion’s radial location in the trap. Results from

78



9 4 . 5 9 5 . 0 9 5 . 5 9 6 . 0 9 6 . 5 9 7 . 0

4 5

5 0

5 5

6 0

6 5

 3 9 . 0  V
 3 9 . 2  V
 3 9 . 4  V

n + - 1
,27

1,3
00

 (H
z)

C a p t u r e  T i m e  ( m s )
0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 0

4 0

4 5

5 0

5 5

6 0

6 5

 3 8 . 8  V
 3 9 . 2  V
 3 9 . 6  V

n + 
- 1

,27
1,3

00
 (H

z)

R F - E x c i t a t i o n  A m p l i t u d e  ( V )

Figure 5.20: Trap tuning measurements performed with SIPT. Measurements of the reduced
cyclotron frequency as a function of the capture time (Left) and rf-excitation amplitude
(Right) are shown. The correction ring is set to 9.0 V. The correction tube voltages are
shown in the legends.

this measurement for several correction tube values can be seen in Fig. 5.20 (Right). A linear

fit to this data can be used to extract a slope. Minimal frequency shifts are observed when

the slope is zero.

These measurements are performed for a range of correction electrode voltages. For a

given value of one of the correction electrodes, a plot of the concavities and slopes as a

function of the other correction electrode is produced. A linear fit to these data sets allows

for the determination of the voltage that gives either zero slope or zero concavity. Each type

of measurement will then produce a range of possible optimal values. The optimal values for

each measurement type are shown in Fig. 5.21. The optimal values typically follow a linear

trend, which intersect at some point. The intersection is taken as the optimal value since

it is simultaneously minimizing frequency shifts caused by axial oscillations and large radii.

The intersection in Fig. 5.21 gives a ring voltage of 9.20 V and a tube voltage of 39.37 V. The

correction ring and tube voltages are respectively 16% and 3% larger than the calculated
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Figure 5.21: Correction electrode voltages that minimize ν+ frequency shifts for capture
time and rf-excitation amplitude measurements along with linear fits to these results are
shown. The intersection of these lines should provide the optimal voltages that minimize the
non-harmonic imperfections in the electrostatic trapping field.

values. Improvements to this method will be possible once νc is more accessible to SIPT.

Then, measurements of νc at several quadrupole rf-excitation amplitudes can be performed

as well.

5.3.5 Contaminant Identification with SIPT

Beam from the gas stopping facility has been sent to SIPT to perform contaminant identifi-

cation. Ions of a given mass-to-charge ratio A/Q extracted from the gas cell can be trapped

in SIPT and excited with a short dipole rf-excitation at the ν+ frequency of an ion with the

same mass-to-charge ratio. The short rf-excitation excites the ν+ radius of the majority of

the ions with the given A/Q. An example FT-ICR spectrum taken from the ANL gas cell

with A/Q = 95 can be seen in Fig. 5.22.
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Figure 5.22: An FT-ICR spectrum taken with ions from the ANL gas cell at a mass-to-charge
ratio A/Q = 95 is shown with a solid-black line. A background spectrum is shown with a
dashed-red line for comparison. The identified contaminant labels are displayed as well.

Contaminant identification using the traditional TOF-ICR technique is rather slow be-

cause TOF-ICR is an averaging technique. Typically the contaminants must be identified

one at a time starting with the most abundant. Once a contaminant is identified, it can be

cleaned with a dipole excitation. The process is then repeated until all contaminants are

identified. With FT-ICR, multiple contaminants can be identified at once as can be seen in

Fig. 5.22. SIPT will thus allow for significant reductions in the time required for contaminant

identification during rare isotope beam experiments.
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5.4 Single Ion Sensitivity Studies

5.4.1 Simulation Studies

The signal strength created by an ion on the ring electrodes of a Penning trap should be

sensitive to the ion’s location within the trap. To develop an intuition for this sensitivity, a

single ion signal strength simulator was prepared. The surface charge density σ(ρ, z) induced

on the ring electrodes by an ion at a given radius ρ and axial position z relative to the center

of the trap was calculated using SIMION. The surface charge was then integrated over one

axial period to obtain a signal strength S for a single ion:

S =

∫ 1

0
σ(ρ, z sin(2πt)) dt−

∫ 1

0
σ(0, z sin(2πt)) dt. (5.11)

The values for ρ and z were chosen from Gaussian distributions with means µρ, µz and

standard deviations σρ, σz that can be varied. A Poisson distribution with a variable mean

was used to determine the number of ions in the trap. The signal strength S from each ion

was then added to produce a total signal strength. Fig. 5.23 shows a histogram of the signal

strengths with the following parameters: a mean number of ions equal to 1, µρ = 3 mm,

σρ = 0.125 mm, µz = 0 mm, and σz = 1 mm. A total of 5000 data points were simulated.

The histogram is color coded based on the number of ions in the trap. The sum of all the

data is also shown as a blue line. As expected, the heights of the ion peaks follow the Poisson

distribution used to generate the number of ions in the trap. The spread in the ion peaks is

due to the variation in the ions’ positions. The peaks can be fit with Gaussian distributions

and relationships can be seen by plotting the means and standard deviations for each peak.

Fig. 5.24 displays the means and standard deviations for each ion peak in Fig. 5.23 along
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Figure 5.23: Simulated signal strength histogram with µρ = 3 mm, σρ = 0.125 mm, µz =
0 mm, and σz = 1 mm. A total of 5000 data points were simulated.
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Figure 5.24: The means (Left) and standard deviations (Right) of Gaussian distributions
fit to each ion peak in Fig. 5.23. A linear fit to the means and

√
N fit to the standard

deviations where N is the number of ions in the trap are also shown.

with fits to these quantities. From Fig. 5.24, a clear linear relationship between the means of

the ion peaks is observed. The spacing between the ion peaks is identical, and the intercept

is consistent with zero. The standard deviations of the ion peaks are proportional to
√
N

where N is the number of ions in the trap; the intercept is again consistent with zero. The

ion peaks quickly smear together with larger uncertainties in the ions’ positions. The radial

uncertainty is particularly sensitive. Fig. 5.25 shows a second simulated signal strength

histogram. The parameters are the same of that in Fig. 5.23 except σρ, which is three

times larger. Without the color guide, the ion peaks would be difficult to disentangle. The
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Figure 5.25: Simulated signal strength histogram with µρ = 3 mm, σρ = 0.375 mm, µz =
0 mm, and σz = 1 mm. A total of 5000 data points were simulated.

Gaussian fit parameters to each peak, however, still follow the trends observed in Fig. 5.24.

5.4.2 Experimental Results

To show single ion sensitivity experimentally, the signal strength must be quantified. This

quantity can be extracted from the function used to fit the data:

y = a+ b(ν − ν0) + c(ν − ν0)2 + d
γ

(ν − ν0)2 + γ2
(5.12)

where a, b, c, d, γ, and ν0 are free parameters. The fit contains a quadratic function for

background and a Lorentzian function for the ion signal. Currently, the experimental signal

strength is determined in two ways. The first signal strength metric is the area of the

Lorentzian, which is found to be dπ when integrating the Lorentzian term from −∞ to

+∞. The second metric is the difference between the signal component and background

component of the fit evaluated at ν0: d/γ − a.

To perform a single ion search, FT-ICR data is collected with and without ions. Using

the LEBIT data analysis software EvaFFT, a fit can be performed on each shot, i.e. a single
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release of ions from the cooler and buncher to the Penning trap. To perform the fits, an FFT

amplitude threshold along with a frequency range must be selected. After choosing these

quantities and fitting all the data, the signal strengths can be calculated for each shot and

plotted as a histogram. Fig. 5.26 shows normalized experimental Lorentzian area histograms

for both ion data and background data. The Lorentzian area data has gone through a set of

filters on the individual fit parameters to remove poor quality data. There are 2646 counts

in the ion data and 237 counts in the background data. This data was taken with a 0.25 mm

in diameter collimator placed within DT8 just before the trap entrance to ensure minimal

spread in the ions’ radii when entering the trap.

The incoming beam rate was kept low to ensure that each shot had no more than a few

ions. Because of this rate limit, the ion data should have some number of shots taken with

no ions present in the trap. These shots are removed through a background subtraction

routine. The background data is fit with a Gaussian distribution (see Fig. 5.26 for an

example background fit). This Gaussian distribution is then used to subtract shots from the

ion data. The resulting background subtracted Lorentzian area histogram can be seen in

Fig. 5.27. Note in all cases the error bars are given by
√
N where N is the number of data

points in each bin. In Fig. 5.26, the error bars are normalized to the total number of data

points for each data set.

The background subtracted histogram was then fit with five Gaussians to extract the

location of peaks corresponding to a given number of ions in the trap (see Fig. 5.27). The

means and amplitudes of the fits were all allowed to vary within some range that is currently

chosen somewhat arbitrarily. The initial guess for the width of the first ion peak fit along

with its bounds were used to scale the initial guesses for the widths and their bounds for the

rest of the fits. The sum of the five Gaussians is shown with a green dotted line in Fig. 5.27.
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Figure 5.26: Experimental Lorentzian area histograms for both background fits (red), and
ion data fits (purple). A fit to the background data is shown in orange. Error bars are
calculated using

√
N where N is the number of data points in each bin and normalized to

the total number of data points for each data set.
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Figure 5.27: Background subtracted experimental Lorentzian area histogram with error bars
(black lines) along with Gaussian fits to the expected location of the ion peaks (red). The
sum of the five Gaussians is shown in green.
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Figure 5.28: The means (Left) and standard deviations (Right) of the Gaussian fits to each
ion peak in Fig. 5.27. A linear fit to the means and

√
N fit to the standard deviations where

N is the number of ions is also shown. The mean of the background data is shown on the
(Left) plot as well.

The means and standard deviations of the five Gaussians in Fig. 5.27 can be plotted as

a function of the number of ions in the trap. This is shown in Fig. 5.28. The means as

a function of ion number were fit with a line shown in blue, which they follow well. The

y-intercept of the line is 5.7(2) × 10−4 while the background peak mean is 5.3(1) × 10−4.

These are expected to agree and only differ by 1.8σ. The widths of the Gaussians have large

uncertainties, so it is difficult to compare them to a
√
N fit, though this is done in Fig. 5.28

(Right).

Direct experimental evidence of single ion sensitivity appears to be within reach for SIPT.

More work is still needed to better separate the ion peaks from each other and remove poor

fits from the analysis. Fig. 5.29 shows two examples of shots that fall within the single ion

peak in Fig. 5.27. While the signal on the left looks like an actual single ion signal, the

signal on the right may be only noise. A visual examination of this fit would result in it

being rejected from the data set. However, due to the large number of statistics needed to

verify single ion sensitivity, it is not feasible to check each fit by eye. With the analysis
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Figure 5.29: 85Rb+ FT-ICR signals from shots that fall in the single ion peak in Fig. 5.27.
The left and right signals have Lorentzian areas of 7.8× 10−4 and 7.0× 10−4, respectively.
Although the calculated signal strengths are similar, the quality of the resonances are dras-
tically different.

above, there are many parameters that can be tuned as well: the fit parameter filters, zero

padding of the FFT data, and the threshold and frequency limits used in EvaFFT to filter

the raw FFT data. Thus, a more robust analysis code that systematically scans each of these

parameters may need to be developed. Furthermore, because the noise level can vary from

shot to shot, a thorough analysis of the a, b, and c background fit parameters on background

data is needed to constrain these parameters which would help eliminate shots with extreme

noise levels.

Another area of improvement could come from background reduction or an increased

signal-to-noise ratio. A background study of the frequency spectrum showed that adjust-

ments to the cryogenic amplifier voltages do not have a large impact on the shot-to-shot

variation in the background. Hence, a more robust amplifier may be needed. Further trap

tuning studies would also be useful for better controlling the ions’ frequency. Spread in the

detected ion frequency can lead to wider FT-ICR signals and lower signal strengths.
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A few more steps need to be taken to finalize SIPT for FRIB. Arbitrary function gen-

erators need to be installed to allow for targeted dipole cleaning of contaminant ions, and

the detection electrodes need to be rewired and tested to allow for νc pickup. Strategies for

these last items have been established, setting the path to prepare SIPT for the first FRIB

experiments.
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Chapter 6

Conclusion

The first precision mass measurement of the neutron-deficient N = Z nucleus 80Zr was

performed via Penning trap mass spectrometry at the LEBIT facility. The measurement

revealed a significant enhancement in the binding energy of 80Zr, which, through binding-

energy indicators, is attributed to the deformed double-shell closure at N = Z = 40 and an

increase in the Wigner energy of this exotic system. A statistical Bayesian-model mixing

analysis employing eleven global nuclear mass models demonstrated difficulties with repro-

ducing the observed mass anomaly using current theory. While successful, the measurement

was difficult with the current destructive PTMS techniques employed at LEBIT due to the

low 80Zr production rate at the NSCL.

More exotic isotopes with even lower production rates are expected to be produced with

FRIB. To prepare for these conditions, the single ion Penning trap has been developed at

LEBIT and is going through its final commissioning stages. SIPT is the first rare isotope

mass spectrometer to make use of the non-destructive FT-ICR detection technique. Beam-

line simulations and experimental studies, hardware upgrades, and FT-ICR signal analyses

have placed SIPT within reach of definitive proof of single ion sensitivity. Trap tuning stud-

ies and detection scheme simulations have prepared SIPT for successful rare isotope mass

measurements with FRIB. Combining the capabilities of both the 9.4 T Penning trap and

SIPT with FRIB, LEBIT is prepared to make significant contributions to nuclear science for
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the foreseeable future.
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