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Precision measurements in Nuclear Physics are an area of active study, serving
as an important avenue of research for a wide variety of subfields. In this disser-
tation, three cases will be presented. First, the precision determination of the Ft
value in T = 1/2 mixed mirror transitions is discussed. These provide a method of
determining the V4 element of the Cabbibo-Kobayashi-Masakawa matrix, and serve
as an important test of its unitarity and of the electroweak sector of the Standard
Model. ' C, as the lightest such 8T decay, is particularly sensitive to physics be-
yond the Standard Model. Thus, a new, high-precision half-life measurement was
conducted using the TwinSol facility at the Nuclear Science Laboratory at the Uni-
versity of Notre Dame. The new half-life, ¢1,, = 1220.27(26) s, is consistent with
the previous values but significantly more precise, and the new world-average value
is t‘l’V/Oerd = 1220.41(32), a fivefold improvement over the previous value. This makes
the 11 C Ft™iror yalue the most precise of all superallowed mixed mirror values, and
provides a strong impetus to the measurement of the Fermi-to-Gamow-Teller mix-
ing ratio for the decay of ''C and thus allow the determination of V,4. Second, the
Penning trap mass measurement of *°Cu using the LEBIT 9.4 T Penning trap mass
spectrometer at the National Superconducting Cyclotron Laboratory at Michigan

State University is presented. This mass is important for calculating reaction rates
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and constraining the ®Ni(p,y)%¢Cu(p,y)>"Zn(87)"Cu bypass of the *Ni rp-process
waiting point. Previous recommended mass excesses had disagreed by several hun-
dred keV; our new measurement, ME= —38626.7(7.1) keV, resolves this discrepancy.
The new calculated **Ni(p,y) and *Cu(p,7) forward and reverse rates were used to
perform precision network calculations, which show the rp-process flow partially redi-
recting around the 5°Ni waiting point. Finally, a new facility is under development
at the Argonne Tandem Linac Accelerator System to allow for precision measure-
ments necessary for the determination of the r-process path around the N = 126
shell closure. The construction and commissioning of an important component of the

N = 126 factory, the radiofrequency quadrupole cooler-buncher, will be presented.
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CHAPTER 1

INTRODUCTION

1.1 The Precision Frontier

Precision measurements in nuclear physics are an important and active avenue
of research spanning tests of the Standard Model through the study of the decay of
fundamental particles to the study of how the elements of the universe were synthe-
sized. In the search for physics beyond the Standard Model, high precision searches
through the study of nuclear 5 decays [1, 2] form an important part of a threefold
approach that also includes efforts at the high energy [3, 4] and high intensity [5] fron-
tiers. Furthermore, precision measurements offer an important avenue for the study
of nuclear structure, including shell and subshell structure, pairing, and deformation;
for the determination astrophysical reaction rates for astrophysical nucleosynthesis
pathways, including the r and rp processes; and for the study of nuclear models, such
as the Isobaric Mass Multiplet Equation [6].

This dissertation is comprised of three specific applications of precision measure-
ments in nuclear physics. First discussed will be the precision measurement of the
1 half-life for tests of the electroweak sector of the Standard Model through nuclear
B decays. Second, Penning trap mass spectrometry will be introduced, and a specific
application through the mass measurement of *Cu for determining the rp-process
flow around the °°Ni waiting point will be presented. Finally, an overview of the
N = 126 factory will be given, which is a new facility being built at the Argonne

Tandem Linac Accelerator System to allow for precision measurements of interest for



the astrophysical r process; the focus will be the radiofrequency quadrupole (RFQ)

cooler-buncher, a component of this facility.

1.2 Testing the Standard Model with Nuclear Beta Decays

1.2.1 Nuclear Beta Decay

In a nuclear beta decay, an unstable nucleus X of atomic number Z and neutron
number N, transitions into a more-stable nucleus Y of atomic number Z 4+ 1 and
neutron number N F 1 accompanied by the emission or capture of a [ particle (eT)
and an electron neutrino or antineutrino (v, or 7). This occurs either through the
decay of a neutron into a proton with the emission of a e~ called = decay (Eq. (1.1)),
or through the decay of a proton into a neutron. This can occur either through the
emission of a positron, called f7 decay (Eq. (1.2), or through the capture of an

orbital atomic electron by the proton, which is called electron capture or EC' decay

(Eq. (1.3)).

IXN = 2 AYNo e 47 (1.1)

Xy = 2 AWngr + et +u (1.2)

Z“MN Z—1VYVN+1 e .
Xntem = AW+ (1.3)

For each of these cases, the energy released in the transition or () value can be
calculated from the masses of the mother and daughter nuclei my (or alternatively

the masses of the neutral ions, m = my + Zm,) and the mass of the electron or



positron, m,; for 57, B, and EC decays, these are [7]:

<0 =y (3X) = my (zAYx1) = me =m (3X) = m (2.4Yx0) (14
% = my (5X) = mn (;AWxi1) = me = m (5X) = m (; AWxya) — 2m,  (1.5)
chc =my (%X) +me —my (z-l}WNH) =m (%X) -m (Z—I}WNH) (1.6)

where the masses of the neutrinos and the electron binding energies have been ignored,
as they are significantly smaller than the other energies involved.

Enrico Fermi developed a theory of $ decay based on Wolfgang Pauli’s neutrino
hypothesis in 1934 [8]. The critical feature of this theory can be determined from
the expression of the transition probability between quasistationary states where the
interaction causing the transition is weak compared to the interaction that forms the
quasistationary states; as the timescale of a decay is much smaller than the lifetime of
states, this is a valid approximation [7]. The transition rate A can then be calculated
by Fermi’s Golden Rule [7]

5= 2| M; 2 p(E) (1.7)

where the matrix element My, is the integral of the interaction V between the initial
and final quasi-stationary states, encompassing the dynamical information about the
interaction, and p(Ey) is the density of final states, a phase space factor incorporat-
ing the kinematical information. For a nuclear 5% decay, the final state wavefunction
must include both the wavefunction of the daughter nucleus ¥p as well as the elec-
tron and neutrino wavefunctions ¢. and ¢,, whereas the mother nucleus is the only

contributor to the initial state; thus, [7]

M= [ @rlwoidi] Vou (1.8)

While Fermi did not know the exact mathematical form of V, through a consideration



of the forms consistent with relativity, he determined that it would be a superposition
of mathematical operators O x, where X gives the the transformation properties and
is either S (scalar), P (pseudoscalar), V' (vector), A (axial vector) or T' (tensor) [7].

The study of the symmetries and spatial properties of the decay products eventu-
ally led to the current understanding of the operator form, proposed by Feynman and
Gell-Mann and Sudarshan and Marshak [9, 10]. Here, the operator has a structure of
Yu(go - 1 — ga7s), only coupling to the vector and axial-vector interactions [11]. The
strength of the coupling to each operator is measured by the coupling constants gy
and g4. By the conserved vector current (CVC) hypothesis, gy = 1, and the partially
conserved axial-vector current hypothesis gives g4 = 1.25 for free nucleons, though
many-nucleon correlations can reduce it by 20 — 30% [12]. The nuclear matrix ele-
ments can also be calculated for the individual operators; for the vector operator, this
produces the Fermi matrix elements Mg, and for the axial-vector, the Gamow-Teller
matrix elements Mgr [7].

The likeliness and consequently the decay rate of a § transition will depend on
the orbital angular momentum of the emitted e* and v, or 7. In the most likely type
of transtition, an allowed (8 decay, the electron or positron and electron antineutrino
or neutrino, which are intrinsically spin-1/2 particles, and are not emitted with any
orbital angular momentum [7]. If the spins of the two emitted particles are anti-
aligned, then the net spin is zero; this means that they carry away a total spin of
S = 0 from the decay, which is called a “Fermi decay” [12]. If instead the spins
are parallel, the net spin is one, and they carry away a total spin of S = 1; this is
called a “Gamow-Teller” decay. For allowed transitions, a Fermi decay can thus only
result in in a change in the angular momentum of the nuclear states of AJ = 0, but
a Gamow-Teller decay can result in a change of AJ = 1 or 0 [12] Neither form of
allowed decay can result in a change of parity m; furthermore, if the initial and final

angular momentum of the nuclear state are zero, then only a Fermi decay is possible



[7].

Thus, the criteria for an allowed decay is a change in angular momentum AJ =0
or 1 and a change in parity Aw = 0. A decay that meets these criteria and also occurs
between isobaric analog states, states with the same nuclear spin, parity, and total
isospin T but different isospin projections T3, is called a “superallowed” transitions
[7]. These occur in two forms, those between J™ = 0% and 0" states, which must be
purely Fermi, and thus these are called superallowed pure Fermi transitions, and those
occurring between states of nonzero J, which can be either Fermi or Gamow-Teller,

and are called superallowed mixed transitions.

1.2.2 Standard Model of the Electroweak Interaction

In the Standard Model, a description of electroweak decays requires the Cabbibo-
Kobayashi-Masakawa (CKM) matrix, which was first proposed by Cabbibo to recon-
cile vector-current universality and decays involving strange quarks through a mixing
between the first two generations of quarks [13]. The discovery of CP violation showed
that this explanation was incomplete; Kobayashi and Masakawa demonstrated that
the existence of a third generation of quarks and additional mixing in these decays
provides an explanation [14]. The CKM matrix is a 3 X 3 unitary rotation matrix
describing the mixing of the strong quark eigenstates under the weak interaction. By
convention, the quarks of charge +2/3 (u, ¢, and t) are taken as unmixed, and the

mixing is expressed as the CKM matrix acting on the quarks of charge —1/3 (d, s,

and b); thus,
d Via Vus V| [ d
S| = Ve Ves Vo | | (1.9)
v Vie Vis Vi b

Here, d', s’ and b’ represent the weak eigenstates, superpositions of down-type,

strange-type, and bottom-type quarks, respectively, and the various V;; matrix ele-



ments represent the probability amplitudes of each type of decay between the strong
(or mass) eigenstates [1, 2|.

While this model does not provide a prediction for any of the individual values
of the V;; elements, it does require that the CKM matrix be unitary and to preserve
norms across this transformation. If this is not the case, then either the theory of
weak decays is incomplete — requiring the presence of other interactions such as scalar,
pseudosacalar or tensor interactions alongside the vector and axial-vector interactions
— or it would indicate the presence of additional generation of quarks or other physics
beyond the Standard Model [1]. While there are many ways to determine the unitarity
of a matrix, the highest-precision result comes from the normalization of the top row

of the CKM matrix [15]. This is done following:

|‘/ud|2 + |Vus|2 + |Vub|2 =1 (1.10)

and is further simplified because the V,; element is very small, meaning that only two
elements contribute significantly to the precision of the overall normalization test [2].
These are V,5, which is calculated from kaon decays [4], and V,4 . This is an area
of active study, and over the past few years, experiments have significantly improved

the precision and accuracy of this normalization test [15-17]

1.2.3 Determining V4

The other significant contributor to the top-row normalization test is V4, which

can be calculated following:

Vi = —
d Gr

(1.11)

where G is the weak-interaction constant for purely leptonic muon decays [2] and
Gy is the vector coupling constant for semileptonic weak interactions [15]. As G is

well-known [18, 19], the primary area of active research is the determination of V4.



There are four primary methods used in this determination. Two of these, pion and
neutron decays, offer relatively simple systems in which to observe V.

Neutron decays have the advantage of determining Gy in a system free from any
nuclear structure considerations. However, the accuracy of the value of GGy and thus
V,a from neutron decays is affected by technique-dependent conflicting measurements
of the neutron lifetime [1] where different half-lives are determined from neutron beam
[20] and trapped ultracold neutron [21-27] experiments. Pions also offer a nuclear-
structure-free system for determining V,4. The problem here lies in the very low
branching ratio, on the order of 1078, of the pion 3-decay, 7% — me™ v.. Thus, it
also does not provide a particularly precise determination of V4 [1].

Another possible way of determining V4 comes from nuclear beta transitions.
The conserved vector current (CVC) hypothesis asserts that the vector component of
the semileptonic weak interaction, whose coupling constant is Gy, is unchanged by
the presence of the strong force; this means that its measured value is independent
of the nucleus in which it is measured. There are two beta decay systems from
which Gy is currently determined, superallowed pure Fermi 07 — 0" transitions and
superallowed mixed transitions in 7" = 1/2 isospin doublets in mirror nuclei [17, 28].
Of these, superallowed Fermi 0T — 0" transitions currently provide the most precise
value for V,4 and thus the most stringent test of CKM unitarity. A comparison of

the four methods for obtaining V,,; can be seen in Fig. 1.1.

1.2.4 Superallowed Pure Fermi Transitions: Ft0 —0"

Superallowed Fermi 0T — 0% transitions are those that occur between isobaric
analog states of spin and parity J™ = 0% and the same isospin T". The most precisely
known transitions are those that occur between states of isospin 7" = 1. Since super-
allowed pure Fermi  decays only depend on the vector part of the weak interaction,

the CVC hypothesis indicates that the ft-values, the statistical decay function, which
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is the product of the statistical rate function f and the partial half-life ¢, should be
the same in all nuclei if we ignore nuclear interactions. Taking the definition of tran-

sition rate A from Fermi’s Golden Rule, Eq. 1.7, we can apply the definition of the

In(2)

’ and the definitions of the

transition rate in terms of the partial half-life £, A\ =

density of states to give us

In(2) 27
A= Z%G%/!MFF

m
47

504
3] (1.12)

This can then be rearranged to give [15]:

K

t=—————
d GY | Mp|?

(1.13)

Where K/(fic)® = 2731 1n(2)/(m.c?)® = 8120.2776(9) x 1071 GeV s [17], Gy is
the the aforementioned semileptonic weak vector coupling constant, and Mp is the
Fermi matrix element that for 7' = 1 decays is My = /2 [16]. This, however, ignores
various radiative and structure-based corrections necessary to account for the nuclei

in which these decays occur. Thus, the constant quantity is instead the corrected

statistical decay function Ft (or Ft0 =97 [15]:

B K B K
C2G2(1+AY) 2GRV (1+ AY)

FtO 20" — (14 6,)(1 4 0kg — 68) (1.14)

The various 0 are theory-based corrections; d%, is a radiative correction dependent on
the energy of the electron and the Z of the daughter nucleus [16, 31|, obtained from
QED calculations to each decay in question [17, 28]; X ¢ is another nuclear structure
based correction [16, 31]; and 6% is the isospin symmetry breaking correction [34]. A},
is the transition-independent radiative correction, for which the current best value is
AY = 2.361(38)% [29].

There are three experimental quantities that go into the determination of V,g:



the @ value, the half-life ¢, 5, and the branching ratio of the decay. The @) value is
necessary for the calculation of the statistical rate function f which is an integral

taken over phase space of the form [15]:
Wo
f :/ pW (Wo — W2 F(Z,W)S(Z, W)dW (1.15)
1

where W is the electron total energy in electron rest-mass units, p = (W? — 1)/2 is
the electron momentum, Z is the atomic number of the daughter nucleus, F(Z, W)
is the Fermi function, and S(Z, W) is the shape correction function. Wy is the
maximum value of W, which is calculable from the Qg¢c value as Wy = Qmiec —1. To
calculate f to a sufficient precision, many details of the motion of the decay must be
considered. This includes electron wavefuctions that are the exact functions for the
nuclear charge density distributions; lepton wavefuctions including second-forbidden
corrections, relativistic corrections, and induced-current corrections (giving a nuclear
structure dependence to the integral); and interactions with atomic electrons must be
approximated with a screening correction [15]. Due to the difficulty of this calculation,
Towner and Hardy, the compilers of the regular surveys of this field, have produced
a parametrization of f for the decays of interest [35].

The half-life and branching ratio are used to calculate the partial half-life of the
decay t, following;:

12

t = =21+ Pyc) (1.16)

Where t;/, is the total half-life, R is the branching ratio, and Pgc is the electron
capture fraction [15].

Historically, research has focused on the so-called “traditional nine”, those that
decay to stable nuclei; these are °C, 0,2mA], 34Cl, 3K, 42Sc, 46V, °Mn, and
1Co [15]. Continued data collection efforts have expanded the available candidates

to fourteen, adding **Mg, 3*Ar, 3Ca, 2Ga, and ™Rb [17].The two lightest nuclei

10



have been of recent interest, with a series of Q¢ value measurements on °C [36, 37]
and 10O [38], half-life measurements of '°C [39] and '*O [40], and branching ratio
measurements on 4O [41]. As illustrated in Fig. 1.1, the current most-precise nor-
malization test of the top row of the CKM matrix comes from these 14 measurements.
Combined with the G value, this results in a V4 value of V,,; = 0.97412(21), and
gives a unitarity test of the top row equal to 0.99978(55), which is consistent with 1
[17].

1.2.5 Superallowed Mixed Mirror Transitions: JFt™irror

A complementary determination of V4 from nuclear 8 decays is desirable to serve
as a check on the value obtained from superallowed Fermi decays; to allow for testing
of the methods used for calculating ¢., which shows a large variation depending on
the model used for the calculation [28, 34, 42]; and to test for unknown systematic
effects or even new physics. One such method is the study of superallowed mixed
mirror decays [28, 31]. Occurring between 7" = 1/2 isospin doublets in mirror nuclei,
these transitions are mixed Fermi and Gamow-Teller decays, and thus have both
vector and axial-vector contributions to the transition [31].

Because of the mixed nature of these transitions, the calculation of the corrected
statistical decay function Ft (here called Ft™™r) is slightly different to the calcula-

tion presented in Eq. (1.14):

J—_-tmirror _ fvt(l + 5}2)(1 + 51‘65 _ (Sg) (117)

Where the partial half-life ¢ and the various corrections ¢ are the same, but f, is the
statistical rate function for only the vector part of this interaction [28]. Under the
CVC hypothesis, this should remain the same for all the T' = 1/2 superallowed mixed

mirror decays.
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The deconvolution of the vector and axial-vector components also results in a
change to the right hand side of Eq. (1.14). Ft™™ is related to the V,4 element of

the CKM matrix by [28]:

K 1 K 1

ftmirror _ _ ’
GV IMRPCE(L+ AR+ 42p2)  GEVE MRPCE(1+ AR)(1+ 4402)
1

where K, G, Gy, V,q and Ag are the same as before, MY is the Fermi matrix
element in the isospin limit, which for these 7' = 1/2 mirror 3 decays is |[M%|* = 1,
and C% = 1 is the vector coupling constant [28]. The quantity f4 is the statistical
rate functions for the axial-vector parts of this interaction, and p is the Fermi-to-
Gamow-Teller mixing ratio.

The experimental determination of p adds an additional experimental quantity
necessary for the determination of V4 to the three values necessary for superallowed
0" — 0T transitions. It can be determined from the measurement of either the
asymmetry parameter Ag, the S-neutrino angular correlation ag,, or the neutrino
asymmetry parameter B,. Currently, p has only been experimentally determined for
five nuclei of interest, with p having been obtained from measurements of Az for '*Ne
[43], 2°P [44] and 3°Ar [45, 46]; from measurements of B, for 3K [33, 47]; and from
measurements of ag, for *Na [48]. This limits the ensemble of transitions which can
be considered for the determination of V,,4, though efforts are underway to expand this
list, including measuring Ag in **Mg using versatile ion-polarized techniques online
(VITO) at ISOLDE [49] and a new ion trapping experiment under development at
the Nuclear Science Laboratory (NSL) at the University of Notre Dame to measure
ag, for lighter superallowed mixed mirror transitions [50].

Ongoing efforts to improve the other experimental data that go into determining
V.q via superallowed mixed mirrors continue. Recent efforts have included measuring

Qec values using Penning trap mass spectrometry for increased precision; measure-
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ments have occurred on *'Na [32], 2P [32], and ''C [51]. New half-life measurements
have occurred on F [52, 53], 19Ne [54, 55], 2'Na [52], 2°Al [56], 33C1 [57], and 'K
[58], and a higher-precision value of p for 3K has been determined through a mea-
surement of Ag [33]. Chapter 2 of this thesis details the new high-precision half-life
measurement of 'C. The contributions to the overall uncertainty on the JFtmirror
value for each experimental and theoretical parameter can be seen in Fig. 1.2, where
the isotopes for which experimental parameters remain the limiting factor on the
precision can be seen. From the five decays for which all the necessary information
is known, the current data give a value of V4 = 0.9727(14) and a unitarity test of
the top row equal to 0.9970(28) [31-33]. These values are just over 1o away from the
values given by superallowed 0% — 0% decays and unity. In order to further accen-
tuate possible evidence of physics beyond the Standard Model, more measurements

and greater precision is needed.
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Figure 1.2. Figure showing the relative uncertainty in the three
experimental parameters going into the determination of F#™° (the
statistical rate function fy (calculated from @Qpc values), the half-life ¢, /o,
and the branching ratio) and the two combined theoretical corrections (0%,
the radiative correction, and d)¢ — 0%, the difference the isospin symmetry
breaking correction and the nuclear structure based correction.
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1.3 Determining the rp-process Path with Penning Trap Mass Spectrometry

1.3.1 rp Process

Type I X-ray bursts are astronomical events that occur in binary systems where
a neutron star accretes hydrogen and helium-rich material from its companion star;
the accretion of more matter on the surface of the neutron star results in increas-
ing densities and temperatures until the accreted material undergoes thermonuclear
runaway [59]. The energy generated during this process gives rise to an increase in
temperature and sharp increase of X-ray luminosity followed by a slower decay as the
atmosphere cools.

The high temperatures and densities achieved during this event provide the con-
ditions necessary to trigger the rapid proton capture (rp) process, a nuclear burning
process for proton-rich nuclei lighter than A ~ 106 [60, 61]. The rp process is a
dominated by a sequence of rapid proton captures and  decays along the proton
dripline. It begins with a breakout from the hot CNO cycle through « capture re-
actions [60], and then branches away from («,p)-process at one or several points via
proton capture reactions [62].

The rp process flows through a series of proton capture (p,7), photodisintegration
(7,p), a capture («,p) and ST-decay reactions, with relative rates of reactions deter-
mining the pathway. An rp-process pathway from [62], seen as Fig 1.3, illustrates
how the interplay of these reactions determines the rp-process flow. Type I X-ray
bursts generally have rise times of ~ 1-10 s, and decay times ranging from 10 s to
several minutes, though much longer-lived superbursts, with hour-long decay times,
also exist [63]. Of particular importance in determining the rp-process flow is the
ratio of the (p,y) and (,p) reaction rates, which are highly sensitive to the @ values

of these reactions [64].
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Figure 1.3. Reaction network pathway and ash composition by mass
predicted by a one-zone X-ray burst model from [62] for an ignition
temperature of 7' = 9.93 x 10® K. This shows an rp-process reached for very
favorable ignition conditions, corresponding to a long, hydrogen-rich burst.
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1.3.2 Reaction Rate

In an isotonic or isotopic equilibrium, the abundance ratio of two neighboring

nuclei n and n + 1 is given by the Saha equation [65, 66]:

Yn+1: Gt [(Ans1 27H? 3/2ex Q (1.19)
vy, G \TA, mkT P\ kT '

Where Y,, and Y, ,; are the abundances of the two neighboring nuclei, p, is the
proton or neutron density, G' are the partition functions, A the mass numbers, m,,
is the atomic mass unit, £ the Boltzmann constant, 7" is the temperature, and @ is
the relevant (- value of the reaction, either the proton or neutron separation energy.
Since the proton or neutron separation energies are calculated from the masses of
the two nuclei and the proton or neutron captured, this clearly demonstrates an
exponential dependence on mass. However, the rp-process does not reach (p,vy)—(7,p)
equilibrium for all reactions, nor does it occur across the whole of a Type I X-ray
burst for all reactions. For example, in the “Ge(p, )% As(p, 7)*°Se reaction pathway,
the small proton separation energy of >As means the **As(y,p) reaction is fast and
thus (p,y)—(7,p) equilibrium is established throughout the reaction flow through this
pathway, while the large proton separation energy ®°Se means that temperatures in
excess of 1.5 GK are necessary to establish (p,y)—(v,p) equilibrium [61].

Thus, to determine the reaction flow of the rp process in an X-ray burst, the
reaction rates must be calculated. Resonant proton capture rates, which describes

most of the relevant nuclear reactions in the rp process, can be approximated by [66]:

Ny{ov) x Z(uw)i exp (—E;/kT) (1.20)

where E; = EY — () is the ith resonance for excitation energy EF, () is the () value

of the reaction, the difference in mass between the initial and final states, and (w7);
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is the 7th resonance strength, determined by:

2J; + 1 r,r,
2J, +1)(2Jp + 1) T, + T,

(wy)i = ( (1.21)

where J; ,J, and Jr are the spins of the resonance, proton, and ground-state proton-
capturing nucleus, respectively, and I', and I', are the v and proton partial widths.
This rate calculation can also be seen to be exponentially dependent on the Q)-value

of the reaction and thus of the mass.

1.3.3 rp-process Waiting Points

From the exponential relationship of the (p, 7) reaction rate to the @ value of
the reaction, it can be seen that a low proton-capture @-value would result in a
reduced reaction rate. Bottlenecks in the rp process occur where low proton-capture
@ values make the forward and reverse reaction rates competitive and 5% decays or
electron capture become the dominant route. Where this half-life is long, relative to
the timescale of the X-ray burst, a waiting point occurs.

Accurately determining the reaction rates in and near these waiting points is par-
ticularly critical for determining the reaction flow of the rp process, which requires
the measurement of the experimental quantities involved in calculating the reaction
rates, most significantly the masses [61]. The accurate calculations of light curves
and isotopic abundances in the ashes of X-ray bursts also rely on the accurate un-
derstanding of the reaction pathway taken by the rp-process [67]; thus, precision
mass measurements of these isotopes is necessary. Chapters 3 and 4 discuss Pen-
ning trap mass spectrometry and its use to measure the mass of **Cu, of interest for

determining the reaction flow around the 5°Ni waiting point.
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Figure 1.4. Illustration of the reaction flow of the r process along the chart
of the nuclides

1.4 A New Facility for Precision r-process Measurements

1.4.1 r Process

The rapid neutron capture process or r process is believed to account for approx-
imately half of all nuclei heavier than the iron peak [68]. It proceeds through a series
of rapid neutron captures away from stability, followed by beta decays back towards
stability, illustrated in Fig. 1.4. The precise astrophysical site remains a source of
contention; the r process requires high temperatures and neutron fluxes, with vari-
ous promising sites like the neutrino-driven winds of core-collapse supernovae [68, 69],
the magneto-hydrodynamic jets of rotating supernovae [70], or neutron star merg-
ers [71] having been proposed. The recent multi-messenger observation of a neutron
star merger [72] through gravitational wave signal GW170817 [73] and accompany-
ing kilonova AT2017gfo [74, 75] has however provided direct evidence of r-process

nucleosynthesis [76, 77].
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Indeed, comparison of r-process abundances from models and observation will play
a critical role in determining the location of the r process. Recent r-process sensitivity
studies have shown that among the quantities that go into the calculation of reaction
rate calculations — which includes neutron-capture cross sections, beta-decay half-
lives, beta-delayed neutron emission branching rates and fission probabilities — the
mass-derived neutron separation energies are those to which the final abundances
are most sensitive [78]. However, because the r-process path is far from the valley
of stability, the direct measurement of these masses is currently impossible, and so
instead theoretical mass models such as the Finite-Range Droplet Model (FRDM)[79],
the Weisécler-Skyrme (WS) model [80, 81], the KTUY05 [82] and Duflo-Zuker (DZ)
[83, 84] empirical formulae, and mass formulae based on the Hartree-Fock-Goliubov
(HFB) approach [85] need to be used. As Fig. 1.5 (from [78]) shows, these formulae
(FRDM1995, FRDM2012 [86], WS3, KTUY05, DZ33, HFB-17 [87] and HFB-24 [88]
shown) all generally agree where mass data currently exists; however, as seen in Fig.
1.6, there is considerable variation as they get farther from the known masses in the

atomic mass evaluation (here showing AME2012 [89)]).

1.4.2 Mass Sensitivity Studies

A series of simulations using a complete, dynamical r-process model have recently
been performed to determine which mass uncertainties have the greatest influence on
the r-process abundance [78]. This showed that well-known r-process mass abun-
dance peaks at A &~ 130 and A ~ 195 are strongly influenced by masses near the
appropriately closed N = 82 and N = 126 closed neutron shells, as well as identi-
fying masses of importance for the rare-earth peak (A ~ 165); the relative dearth
of experimental data for the later two regions has a particularly strong impact, as
illustrated in Fig. 1.7, where darker colors indicate a stronger impact on the final

calculated abundances.
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Figure 1.5. Fig. 5 from [78] comparing predictions of seven commonly used
mass models (FRDM1995 [79], FRDM2012 [86], WS3 [80, 81], KTUY05
[82], DZ33 [83, 84], HFB-17 [87] and HFB-24 [88]) with the experimental

values from the 2012 atomic mass evaluation (AME2012) [89].
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Figure 1.6. Fig. 6 from [78] showing comparisons of measured and
extrapolated masses from AME2012 [89] and the predicted masses from
D733 [83, 84], HFB21 [88], WS3 [80, 81], and KTUY05 [82] to those
predicted by FRDM1995 [79] for (a) Tin (Z = 50) and (b) Europium
(Z = 63).

Recently, mass measurements have focused on filling in these missing data. Pen-
ning trap mass measurements of neutron-rich Cadmium using ISOLTRAP at ISOLDE-
CERN [90] and of neutron-rich Indium using the TITAN Penning trap at TRIUMF
[91] have provided considerable data around the N = 82 shell closure. Ongoing Pen-
ning trap mass spectrometry research campaigns are focused on filling in the unknown
masses for the rare-earth peak. These efforts use the CARIBU (Californium Rare Iso-
tope Breeder Upgrade) facility, based on 22Cf spontaneous fission, and the Canadian
Penning Trap (CPT) at Argonne National Laboratory [92, 93] and proton-induced
Uranium fission at the University of Jyvaskyla’s IGISOL facility using JYFLTRAP

[94].

1.4.3 Need for a New Facility

There is currently no equivalent ongoing effort to measure masses at the N = 126
neutron shell closure. This is because it is beyond the reach of current accelerator fa-
cilities, which primarily use projectile-fragmentation, target-fragmentation, or fission
to produce rare isotope beam. All of these either lack the relevant beams or targets

or have production cross sections of the isotopes of interest in the N = 126 region
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Figure 1.7. Fig. 13 from [78], showing nuclei that significantly impact final
r-process abundances under four different astrophysical conditions, (a) low
entropy hot wind, (b) high entropy hot wind, (¢) cold wind, and (d)
neutron star merger. More influential nuclei are shaded darker based on the
impact parameter F' from £500 keV mass variation of the nuclei. Light
grey shading indicates the extent of measured masses from the AME2012
[89], and the black line indicates an estimate of neutron-rich availability
from FRIB.
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Figure 1.8. Fig. 1 from [96], comparing the measured production
cross-section along N = 126 from MNT reaction of **®Xe 4 **Pt at GANIL
[95] (blue circles), projectile fragmentation reaction of ***Pb + “Be at GSI
[97] (red squares), and the calculated cross-section of the MNT reaction
using the GRAZING code [98, 99] (black triangles).

that are too low to allow for mass measurements [95]. Thus, an alternate production
mechanism is needed.

Such a mechanism, multi-nuclear transfer reactions (MNTs) was proposed by
Dasso, Pollarolo, and Winther for future accelerator facilities [100] and by Zagrebaev
and Greiner for production in the N = 126 region [101]. It relies on the transfer of
multiple nucleons between heavy beams and heavy targets in deep inelastic collisions
near the Coulomb barrier. The production of isotopes of interest by such reactions

was demonstrated by recent efforts using the EXOGAM high-efficiency germanium
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array at GANIL for use in the KEK isotope separator at RIKEN [102, 103]. As seen in
Fig. 1.8, the '**Xe beam — '%*Pt target reaction has a significantly higher production
cross section than projectile fragmentation using ***Pb and ?Be [96] for N = 126
isotopes of interest. A new facility, the N = 126 factory, is under development
at the Argonne Tandem Linac Accelerator System (ATLAS) that will make use of
these reactions to study masses in the N = 126 region. Chapter 5 will detail the
design of this facility, and specifically discuss the commissioning of an radiofrequency
quadrupole (RFQ) cooler-buncher, a critical component that will provide the required

bunched ions for mass measurement using the CPT.
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CHAPTER 2

HALF-LIFE MEASUREMENT OF ''C FOR TESTING THE STANDARD
MODEL

2.1 Motivation

Among the superallowed mixed-mirror decays, '*C is of particular interest due
to its importance to the search for physics beyond the Standard Model. If there are
additional interactions alongside the vector and axial-vector interactions of V' — A
theory, they would be present in the calculation as an additional term (1 + 7‘%) in
the integrand of the statistical rate function. Here, W is the total electron energy
in electron rest mass units, v = /1 — (aZ)?, with Z the atomic number of the
daughter nucleus and « the fine structure constant, and b is the Fierz interference
term [104]. The latter is related to the ratio of scalar coupling or tensor coupling to
vector coupling or axial-vector coupling, respectively [16]. As the lighter 7" = 1/2
mixed decay nuclei have smaller Q) gc values, and thus W values, their decays are most
sensitive to physics beyond the Standard Model, though such sensitivity would be
limited by the uncertainty on the determination of p . 'C is the lightest such nucleus
that undergoes 7 decay. Since ''C decays completely to the !B ground state, a
branching ratio measurement is unnecessary, and a recent high-precision Qe value
measurement [51] has made the half-life the largest remaining source of experimental
uncertainty, other than the unmeasured p. Hence, a new, higher-precision half-life

measurement of *'C was conducted in July 2017 [105].
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2.2 Experimental Method

This new ''C measurement was conducted at the University of Notre Dame’s
Nuclear Science Laboratory (NSL), making use of the FN tandem Van de Graaf
accelerator and TwinSol mass separator. The location of the setup within the NSL

is illustrated in Fig. 2.1.

2.2.1 FN Tandem

In the production of the 'C, a primary beam of B~ was first created using
the Source of Negative Tons by Cesium Sputtering (SNICS) ion source and a '°B-
Ag cathode. This beam was steered into the FN tandem. In the FN tandem, a
pelletron system is used to charge the terminal to a voltage of several megavolts; this
accelerates the negatively-charged beam from SNICS into a stripper foil located at
the terminal, stripping electrons from the negatively-charged beam and generating a
range of positive charge states, which are further accelerated, and then exit the FN
Tandem into a mass analyzing magnet that is used to select the final charge state
of the primary beam. In this experiment, the terminal voltage of the FN Tandem
was 6.5 MV, and a primary beam of 32.5 MeV "B*" was selected using the mass

analyzing magnet.

2.2.2 TwinSol

The primary '°B*T beam was then impinged on a deuterium gas target, which
produced " C through the °B(d, n)''C reaction. The resulting rare isotope beam was
then passed through the TwinSol [106] mass separator, which consists of a pair of
superconducting solenoids capable of producing a magnetic field of up to 6T. These

lchJr

are used as a mass separator, selecting an 18 MeV secondary beam.
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Figure 2.1. Layout of NSL at Notre Dame, labeling the negative ion source
(SNICS), FN Tandem accelerator, analyzing magnet, TwinSol mass
separator, and the -counting station.
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2.2.3 p-counting Station

The 1 C ions were then implanted in a thick tantalum foil in the NSL’s S-counting
station [53, 107](see Fig. 2.2), which consists of a circular aluminum chamber con-
taining a rotating aluminum arm on which a tantalum foil was mounted for implanta-
tion. The measurement was then conducted following the procedure outlined in Refs.
[53, 56|, with the primary beam turned off during the counting stage by deflecting it
with a high voltage kicker upstream of the FN tandem Van de Graaff accelerator. 1C
was implanted in the tantalum foil for 60 minutes (approximately three half-lives),
and then the foil was rotated into the counting position and the decay was measured.
The individual betas were counted using a 1 mm plastic scintillator mounted to a
light guide that was cemented to the photomultiplier tube. The photomultiplier tube
used was an ET-Enterprises 9266 QKSB, featuring a quartz window to minimize back-
ground from radioactive material and a mu-metal(®) shield, mounted to a high-pulse
linearity RB1108 base. A thin (8(2) um), light-tight aluminum foil was placed in
front of the plastic scintillator; the thickness of the aluminum foil was minimized to
maximize the recorded betas from the *C decay, which have a Qg+ = 1981.69(6) keV
[108]. A series of nine implantations and half-life measurements were conducted in
this way, varying the photomultiplier tube bias, discriminator threshold, and beam
current (and thus initial count rate) between individual measurement runs in order

to probe possible systematic effects.

2.3 Half-life Determination

The data analysis follows the procedure previously used in half-life measurements
at the University of Notre Dame [53, 56]. The data for each experimental run con-
sisted of a single cycle containing a decay measurement and one or more cycles con-

taining background measurements taken during implantation, which were accounted
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Figure 2.2. The University of Notre Dame fS-counting station, from [53].
Labelled are (1) the rotatable arm, (2) the port through which the ion
beam enters the station, (3) two holders for the tantalum foil , only one of
which was used in this experiment, and (4) the plastic scintillator
connected to the photomultiplier tube.

for by eliminating the runs with fewer than 10% of the average counts of all runs from
consideration. Each remaining cycle contained between 1.9 million and 11.1 million
total detected counts, taken over 220 minutes or approximately 11 half-lives for the
first run, and 380 minutes or approximately 19 half-lives for the remaining runs. The
leading bins were excluded to avoid bins with anomalously low counts, and the data
was rebinned to avoid the presence of a large number of empty bins, which could
introduce a bias into the fit [56]. The initial 6600 and 11400 bins were rebinned to

600 bins, which was selected as it optimized the x?2 of the fit.

2.3.1 Poisson Fitting

An important consideration when fitting to determine a half-life measurement
is that such a data set comes from a counting experiment. This means that the
underlying dataset must be fit using a method that is based on Poisson statistics,

rather than the common least-squares fit, which is based on a Gaussian or normal
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distribution. A Gaussian least-squares fit would result in a small systematic shift to
the fit half-life [109]; this has been recognized as an important consideration in half-
life measurement since at least 1969 [17], and two different Poisson-distribution-based

fitting procedures are commonly used.

2.3.2 Iterative Fitting Procedure

The iterative fitting procedure is laid out in Ref. [110], and has been used pre-
viously at the University of Notre Dame as the primary fitting procedure [53, 56].
As the final eight runs were of the same cycle length, they could be combined into
a single data set and fit as an ensemble; since the first run had a different length,
it was considered separately. The first step in the analysis is to adjust the counts
in each bin for the dead-time losses inherent in the system; this is done by taking
the measured counts per bin and generating the dead-time corrected data for each

summed bin 4, D(i), through [110]:

S

) =Y 2o 1)

n tbin

where D, (i) is the number of counts in a given bin in run n, 7 is the system dead-
time per event, and f;, is the bin width. Also calculated is the dead-time corrected

Poisson variance of each bin, V(i) [110]:

Vi =y 20 (2:2)

D, (3)T
" (1_ tbin)
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The fit function, Y (i), is calculated based on the rate function, r(¢). For 'C, there

was no observed radioactive contamination, so these were:

r(t) = roexp {%}j)q +0b (2.3)
Y=~ [ rar (2.4)

with an initial rate 7o, half-life ¢; 5, and background rate b for the rate calculation.
The total number of summed runs is N, and the fit function is integrated between
bin beginning and ending times fpegin and teng. A weighting function W (i) is then

generated [110]:

<

o )
ok V(@)_@ (2.5)

The fitting is done using the generated weights W (i) and a Levenberg-Marquart

>

least-squares fitting algorithm [110]; the modified weights compensate for the Gaus-
sian assumptions of the fit. Furthermore, the fit is performed iteratively, recalculating
(2.4) and (2.5) from the newly fit parameters and rerunning the fit until the rela-
tive change in all parameters is less than 0.01%, which usually occurs within fewer
than ten iterations. The summed fit and corresponding residuals of the dead-time
corrected data for the combined runs 2-9 can be seen in Fig. 2.3. The residuals
average -0.004 with a standard deviation of 0.932. The resulting half-life from the
summed fit was #,/, = 1221.38(89) s for the first run, and ¢/, = 1220.20(22) s for
the summed fit of runs 2 through 9. These values are consistent with each other, and

have a weighted average of ¢/, = 1220.27(22) s.

2.3.3 Poisson x? Fitting Procedure

A second common fitting algorithm [111] was also used to fit this data, serving

as a cross-check to the sum fitting algorithm. Here, instead of the classic Pearson’s
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Figure 2.3. (a) Summed [ decay curves for runs 2-9 together with the
fitted curve (red; solid). (b) Residuals divided by the square root of the fit
number of counts in a given bin N and a 10-point moving average (red;
solid). Each bin is 38 s wide.
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where y; is the expected number of counts, and yg; is the fit number of counts, a

Poisson-statistics-derived x? is used instead [111]

Xlz'oisson =2 Z Wl <yﬁt — Y + Yi hl |:£‘|) (27)

Yt

where the weights are W; = Vy(ii)’ with the variance V(i) as defined in eq. (2.2). A
Levenberg-Marquart least-squares fitting algorithm is used with this alternate 2,
again yielding a half-life with minimal bias from the fitting algorithm. This fitting
algorithm is more likely to diverge if the initial parameters are not well-chosen, but
as a cross-check, it works well. For these data sets, the resulting reduced x? equals
1.04, and the fit half-life is ¢, /o = 1221.40(89) for the first run and 1/, = 1220.20(16)
for runs 2 through 9, consistent with the results using the summed fit algorithm. The
weighted difference between the half-lives calculated these two algorithms was 0.004

s, considerably less than the statistical uncertainty, but this was still considered as a

systematic uncertainty.

2.4 Uncertainty Determination

Beyond the statistical uncertainty determined from the fitting algorithm, a tab-
ulation of all the systematic uncertainties is critical for the presentation of a high-
precision half-life determination [113]. While an inspection of the residuals in panel
b of Fig. 2.3 indicates the absence of any non-statistical trend, as illustrated by the
10-point moving average, the presence of contaminants, the uncertainty in the dead

time, and several possible other sources of systematic uncertainty were considered.
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2.4.1 Contaminant-related Considerations

The most significant possible source of systematic error in the half-life value comes
from the possibility of radioactive contamination. An ion chamber was used to study
the composition of the cocktail beam emerging from the TwinSol separator. The
resulting particle identification plot, Fig. 2.4, shows no radioactive isotopes beyond
the 1'C, and the heaviest isotopes produced were beryllium, boron and carbon. Thus,
heavier radioactive isotopes of nitrogen or oxygen were not produced and could not be
contaminants. The energy of the primary beam was selected such that the production
of other radioisotopes via B — deuterium reactions was energetically forbidden,
with the exception of long-lived “Be and *H. The beryllium only decays via electron
capture, and the beta decay of tritium is too low-energy to pass the aluminum foil in
front of the detector. Moreover, the 12 year half-life of tritium would have minimally
affected our background.

Nevertheless, fits for the observed decay rate r(t) with two decaying half-lives

were conducted, using:

(0 =ro (e | T2 aen [T ) 4 (23)

12 ta

where 79, t1/2 and b are defined as in Eq. (2.3), ¢, is the half-life of the possible
contaminant, and « is the contamination ratio. With a free-floating t,, this fit resulted
inty; = 2x10%(3x107) min and o = 4x107'(5x 1079); fixing ¢, as half or double that
of 'C result in a = 3 x 107?(3 x 1073) and a = 6 x 1071%(2 x 10™%), respectively, all
of which are consistent with zero. The possibility of a much longer-lived contaminant
produced by the activation of the beamline was also investigated. Such an activation
is rendered extremely unlikely due to the 18 MeV energy of the secondary beam being
below the Coulomb barrier for reactions with the nuclei in the primary components

of the stainless steel beamline, though it is possible on the aluminum of the paddle
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Figure 2.4. Particle identification plot of the incoming cocktail beam
separated by the TwinSol facility near the location of the S-counting
station, showing energy lost in the first section of the ion chamber vs.
residual energy lost in the rest of the ion chamber. Faint periodic groups
can be seen alongside the identified isotope groups, which are the result of
interactions with the wires of the chamber
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holding the tantalum foil; this would be a very small area exposed to a incident rate
of less than 10* pps. The beam is turned off during the counting phase to further
reduce the dose to the aluminum, and the counting station itself is located 12 m from
the production target and separated from it by a 1.5 m thick high-density concrete
wall, resulting in an immeasurably small neutron flux. Nevertheless, the possibility
for the production of a long-lived contaminant polluting the spectra was probed by

adding linear dependence of slope m to our background:

n(2)t

12

r(t) = roexp [— ] +mt +b (2.9)

where m is the slope from the decay of the very long-lived contaminant. For this last
fit, we found a slope m = —0.002(40) s~!, which is consistent with zero.

Possible short-lived contaminants and the possible mis-evaluation of the dead time
were studied through removing the leading bins one by one and then performing a
summed half-life fit on the remaining data. Up to the first 220 minutes were removed,
corresponding to approximately eleven half-lives and over 99.8% of the total counts;
any further removal of data does not result in a meaningful fit. As can be seen in Fig.
2.5, no time-dependent systematic trends are apparent in either the full data set or
in the two subsets with varying initial count rates. Thus, it can be safely concluded

that there were no radioactive contaminants present in this half-life determination.

2.4.2  Other Systematic Considerations

To search for other possible systematic effects, the photomultiplier tube bias volt-
age, discriminator threshold voltage, and beam current were all varied. The photo-
multiplier tube was biased at 1000 and 1100 V, the discriminator set at 0.3 and 0.5

V, and the primary beam current was varied resulting in initial 5 count rates ranging
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Figure 2.5. Fitted half-lives for the summed data as a function of the
leading time removed. The two horizontal (red) lines are the uncertainty on
the half-life without any bin removal. (a) represents the sum of all eight
same-length runs, (b) the sum of the three runs with an initial count rate
of approximately 3000 counts per second, and (c) the sum of the two runs
with an initial count rate of approximately 10000 counts per second.
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from 1500 to 10,500 per second. The background varied from 0.3 to 1.6 counts/s on
individual runs, depending on the PMT bias and threshold voltage. Combinations of
these parameters were explored in each run, and the fitting procedure was performed
individually to probe systematics. As can be seen in the top panel of Fig. 2.6, there
are no apparent systematic effects; the absence of any rate-dependent effects here or
in Fig 2.5 further indicates that there are no rate-dependent photomultiplier tube
gain shifts [54].

The possible statistical nature of the larger spread in the half-life at low initial
rates was tested through 100 different Monte Carlo simulated data sets with the
same initial rates and background as the experimental data sets. As indicated by the
Monte-Carlo-generated sample data set at the bottom panel of Fig. 2.6, a similar
scatter between the experimental and simulated data sets is observed. Furthermore,
as indicated by the shaded region on the bottom panel of Fig. 2.6, the one standard
deviation spread calculated from the 100 simulated data sets overlaps with the spread
in the data.

The weighted average of these individual runs gives a half-life of ¢, , = 1220.24(22)
s, which is in agreement with the value from the sum fit. The small, 26 ms difference
can be explained by a bias of the maximum likelihood fitting with count rate [110],
and is replicated in the 36 ms average spread from the 100 Monte Carlo generated
data sets. Nevertheless, half of the experimental difference is added as a system-
atic uncertainty. The Birge ratio [114] or square-root of x2 of these measurements,
0.95(16), indicates that the variation in values is statistical in nature. Finally, the ac-
curacy of the iterative fitting algorithm was tested by taking the weighted average of
the iterative fits for each of the 100 Monte Carlo generated data sets. The difference
of -11(18) ms with the inputted half-life, which is consistent with zero, demonstrates
the accuracy of the iterative fitting technique. Nevertheless, to be conservative, an

uncertainty of 18 ms is added as a systematic uncertainty.
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Figure 2.6. (a) Half-life results from fitting individual samples vs initial
count rate. Point color indicates the photomultiplier tube voltage, and
shape indicates discriminator voltage. The two horizontal (blue) lines are
the uncertainty on the weighted average of these values. (b) Monte Carlo
simulated data of the same varying rates, showing the same statistical
scatter around the weighted average half-life, indicated by two horizontal
(blue) lines. The grey band indicates the 1o spread of 100 such simulations.

2.4.2.1 Dead-time Uncertainty

The uncertainty in the dead time, 7 = 56.89(9) us, also affects the 'C half-life.
Hence, the summed fit was repeated using the two 1o limits of 7, 7 = 56.80 and
T = 56.98 us, for these data. Half the difference between the weighted averages for

these two cases, 0.14 s, was taken as the systematic uncertainty.
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2.4.2.2 Clock Frequency Uncertainty

The 100 Hz clock frequency is known to be accurate to within 0.4 mHz. The
summed fit was repeated using the two extrema of the clock value, 100.0004 Hz and
99.9996 Hz for the clock frequency. The difference in half-life was found to be on
the order of milliseconds; half of this difference, 0.005 s, was added as a systematic

uncertainty.

2.4.2.3 Binning

The effect of rebinning the data was recently explored using Monte Carlo-generated
data [56], which showed no systematic effects above the statistical uncertainty pro-
vided few bins had zero counts. The difference in half-life between rebinning into
200 and 1000 bins is on the order of hundredths of seconds, but again, half of that

difference, 0.026 s, was added as a systematic uncertainty.

2.4.3 Summary

The statistical and systematic uncertainties are summarized in Table 2.1. To
produce the final uncertainties, these values were all added in quadrature, producing

a total uncertainty of 0.26 s.

2.5 Results

2.5.1 World-average Half-life

Our new half-life value, ¢,/ = 1220.27(26) s, is in good agreement with the pre-
vious world average, tcl’l/dQ = 1221.6(1.5) s, but is significantly more precise. Following
the same procedure used for previous reviews of superallowed mixed mirror decays

[28] and superallowed pure Fermi 07 — 07 decays [15, 17], we reevaluated the world

data in order to calculate a new world average half-life. As our new value is signif-
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TABLE 2.1

SUMMARY OF STATISTICAL AND SYSTEMATIC UNCERTAINTIES
COMBINED TO GIVE FINAL UNCERTAINTY ON ''C HALF-LIFE.

Source Uncertainty (s)
Statistical 0.22
Dead-time uncertainty 0.14
Binning 0.026
Fit (Monte Carlo) 0.018
Fit (individual vs. sum) 0.013
Clock uncertainty 0.005
Fit ([110] vs. [111]) 0.004
Total 0.26
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Figure 2.7. Half-lives of 'C considered in the calculation of the new world
average [122-125] (Black circles), as well as those considered previously and
now eliminated [115-121] (Gray squares). The horizontal (red) lines
represent the uncertainty on ¢/, = 1220.41(32) s.

icantly more precise than the previous values, seven of those used in the previous
evaluation (Refs. [115-121]) were eliminated, being more than ten times less precise,
following the established procedure [15, 28]. This leaves four earlier values that are
used to calculate the new world average (Refs. [122-125]). These, alongside our new
measurement, can be seen in Fig. 2.7. A weighted average of the five measurements
was taken, giving a world average of t‘{”;’;ld = 1220.41(32) s, which is a factor of five
more precise than the previous value. The Birge ratio of our new average is 1.28(21),
an improvement on the previous value of 2.06(14). As it is greater than one, we
adopt the policy of the Particle Data Group [126], and the uncertainty reported on

the world average has been scaled by the Birge ratio.
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TABLE 2.2

PARAMETERS USED IN CALCULATION OF Ftmirrer AND RELATED

VALUES.
Ref. Parameter Value

Valverde et al. [105] t‘l”/‘gld 1220.41(32) s
Gulyuz et al. [51] Qrc 1981.690(61) keV

Gulyuz et al. [51] fv 3.1829(8)
Valverde et al. [105] fa 3.2163(8)
Severijns et al. [28] o 1.660(4)%
Severijns et al. [28] 0% — dXg 1.04(3)%

Hardy & Towner [17]  Ft0 =" 3072.27(72) s

2.5.2  Ftminer

Using our new world average half-life and the recent value for fy from [51], we can
now calculate a new value for Ft™° following Eq. (1.17). A summary of the values
used in this calculation and their sources can be seen in Table 2.2. Our new value is
an improvement of a factor of 2.6 in the uncertainty over the previous value. This
now makes the 1C Ft™™_yalue the most precise to date, with a level of precision

comparable to the most precise Ft° =" values.

2.5.3 Standard Model Estimates of p and Correlation Coefficients

This new Ft™7" value allows us to extract a Standard Model prediction for p
using the world-average Ft° 2" obtained from the 14 most precise Fermi super-
allowed 07 — 07 decays [17]. Using [MP]* = 1 for T = 1/2 mirror decays and

\M?\Q = 2 for the pure Fermi 7' = 1 decays, we can determine from Eq. (1.14) and

43



TABLE 2.3

COMPARISON OF CALCULATED VALUES FROM VALVERDE ET
AL. [105] TO GULYUZ ET AL. [51]

Parameter Valverde et al. [105] Gulyuz et al. [51]

JFtmirror 3916.9(1.9) s 3020.4(5.0) s

p 0.75022(56) 0.7493(15)

asm 0.51982(46) 0.5206(13)

Asu —0.59962(2) —0.59959(5)

Bsu —0.8877(3) —0.8872(8)

(1.18) [28] that:
FHmiror — —2H0?0+ (2.10)
1+ 2p?

where f4 was calculated from the Qgc in Ref. [51] and the parametrization presented
in Ref. [35]. This was then solved for p, and this value, as well as the correlation
coefficients Agn, asy and Bgyp, was calculated following the Standard Model [28]. As
in Ref. [28], our calculated correlation coefficients at Fz = 0 include neither physics
beyond the standard model nor recoil order effects, which would affect measured
correlation coefficients. These results can be seen in Table 2.3, resulting in significant

reduction on the uncertainty by factors of three to five over the previous results.

2.5.4 Fractional Contributions to Uncertainty

Having improved the precision of the measured world-average half-life of 11C, the
lightest and longest-lived superallowed mixed mirror 8% decay, by a factor of five,
it is now comparable in precision to the () value and thus increases the precision of

the Ftmirror yalue fourfold. In examining the fractional contributions to the final un-
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Figure 2.8. Fractional contribution of experimental and theoretical
parameters to the final uncertainty in JF#™iror,

certainty of the Ft™™" value, Fig. 2.8, we can see that the largest uncertainty now
comes from the theoretical d} ¢ — 6% correction, providing an impetus for improved
precision calculations. The new estimate for p and the related Standard Model cor-
relation coefficients also show a significant improvement over the previous results.

t™IOr yalue is now the most accurate of any

The high precision achieved on the F
superallowed mixed mirror decay and is comparable in precision to the most precise
FtO" =" values. With this measurement, it would only take a relative precision of
0.5% on a measurement of p to determine V,4 with a relative uncertainty of 0.2%,

comparable to the uncertainties on Fermi superallowed decays that currently provide

the most precise determinations of V.4 [17].
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CHAPTER 3

THE LEBIT FACILITY AND PENNING TRAPS

3.1 Radioactive Beam Production at the NSCL

The Low-Energy Beam and Ion Trap (LEBIT) facility [127] is located at Michi-
gan State University’s National Superconducting Cyclotron Laboratory (NSCL). The
LEBIT facility is unique among Penning trap mass spectrometry facilities in its abil-
ity to preform high-precision mass measurements on rare isotopes produced through
projectile fragmentation. This is made possible by the rare isotope production and
in-flight separation facilities at the NSCL, which enable the production of high in-
tensity rare-isotope beams. The principal equipment employed for production and
separation, the coupled cyclotron facility (CCF), can be seen in Fig. 3.1.

Beam production in the CCF begins with the production of a beam of heavy,
highly charged stable ions using an Electron Cyclotron Resonance (ECR) source,
which are then injected into the smaller K500 cyclotron. The K500 then accelerates
the ion beam to ~14 MeV/u, and the beam is then extracted and injected into
the larger K1200 cyclotron. In the K1200, the remaining electrons are removed
using a stripper foil, and the beam is accelerated to ~140 MeV /u. The primary
beam is then extracted and focused on the production target, a thin, light target
commonly composed of beryllium that is used for the production of the rare-isotope
secondary beam. The secondary beam retains most of the initial beam energy after
the target. The fragments are separated using the A1900 fragment separator [129],

which uses an energy-degrading wedge and two dispersive beamline section to achieve
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Figure 3.1. Diagram of the coupled cyclotron facility at the NSCL, showing
the coupled K500 and K1200 cyclotrons, used for the production of rare
isotope beams, and the A1900 fragment separator, used for in-flight
separation and purification of rare isotope beams. A model of a person is
included by the fragment separator for scale. Figure from [128§]
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general isotopic separation of the secondary beam. This secondary beam can then be
delivered to one of several experimental vaults; for measurements using the LEBIT
facility, this requires the delivery of the beam to the gas stopping area in the N4

vault.

3.2 Gas Stopping Area

The projectile fragmentation method of producing rare isotope beams employed at
the NSCL produces high-energy, high-emittance beams; however, Penning trap mass
spectrometry and other low energy experiments require low-energy, low-emittance
beams. At the NSCL, this conversion of beam properties is done in the gas stopping
area, located in the N4 vault after the A1900 fragment separator.

Beams enter the gas stopping area through a momentum-compression beamline,
where a series of solid (usually aluminum) degraders and a final monochromatic wedge
are used, respectively, to reduce the energy of the beam to less than 1 MeV /u and
reduce the beam’s energy spread to allow for more efficient stopping of the beam in the
following gas cell. The gas cell is a large-volume RF-based gas catcher constructed by
Argonne National Labs [130]. It consists of a 1.2 m long volume of gas, in which the
ions are themalized through collisions with high-purity helium buffer gas, usually at ~
100 mbar. The high ionization potential of helium forces the ions to remain ionized in
the 1+ or 24 charge states. As the gas flow through the chamber is relatively slow, an
electrostatic drift field on the order of tens of V/cm is used to sweep the positive ions
towards the extraction electrodes. The walls of the gas cell and a cone located at the
extraction end are composed of closely-spaced RF electrodes that repel the injected
and thermalized ions and guide them to extraction. A radiofrequency quadrupole
(RFQ) ion guide [131] is used in the extraction optics to guide the ions through three
stages of differential pumping before they are reaccelerated to 30 keV /¢ and sent on

to a mass separating magnet and then the d-line to the Low-Energy Area. Figs. 3.2
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Figure 3.2. Fig. 1 from [130], showing a schematic layout of the gas cell as
used in the commissioning experiment. Distances between components are
given in cm (not to scale).

and 3.3 show a schematic diagram of the structure of the gas cell, and an image of

the gas cell as installed at the NSCL.

3.3  Offline Ion Sources

In addition to rare isotope beam from the gas stopping area, LEBIT can also take
beam from two offline production sources. The first offline source installed in LEBIT
is a modified commercial ion source from the Colutron Research Corporation, which
can produce stable isotopes in two ways, either through surface ionization or from a
plasma. When operated as a surface ionization source, the filament in the Colutron
source is heated, vaporizing either the alkali impurities present in the filament itself
or an alkali earth metal loaded into the ceramic holder and inserted into the center
of the heated filament coil. Once vaporized, the alkali or alkali earth metal vapor is
ionized by contact with the hot filament, which is biased to ~100 V, which causes the

ions to accelerate away from the filament. These are then extracted and accelerated
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Figure 3.3. Photograph of the gas cell when first installed at the NSCL,
from [132].
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into the LEBIT cooler-buncher. This source has been used in this way to produce
alkali earth isotopes like *Ca [133, 134] for the study of neutrinoless double 3 decay,
and the alkali isotopes produced from the filament (commonly 3K, %K, 8Rb, and
133Cs) have been used as either reference ions for rare isotope measurements (e.g., as
in Ref. [135]) or for the calibration of mass-dependent shifts in Penning trap mass
measurements [136]. For use as a plasma ion source, a gas is injected into the chamber
through a needle valve and the filament is negatively biased to ~ —100 V, causing
it to emit electrons. At a pressure of ~ 1075 mbar, a continuous discharge occurs,
ionizing the gas and generating a plasma. This mode of operation can also be used to
produce ions of elements with low melting points, where a plasma is generated using
Helium gas, and the element of interest is vaporized in a ceramic holder and then
ionized by the plasma. The source has been used in this way to produce ions such as
82Se [137] for neutrinoless double 3 decay experiments and for the production of N
in the direct measurement of the 11O Qg value [38].

The second offline source at LEBIT is a laser ablation source, or LAS [128,
138]. Here, a Quantel Brilliant pulsed neodymium-doped yttrium aluminum gar-
net (Nd:YAG) laser with a second harmonic module produces 532 nm light with a
pulse duration of 4 ns. The power is usually limited to well below its maximum,
commonly achieving a density of ~ 5 x 10® W/cm?. This laser is focused on a solid,
rotating target, where the laser pulse vaporizes target material, and the high temper-
ature of the target caused by the laser irradiation results in the emission of positive
ions and electron, resulting in a multi-stage plasma expansion [138]. This has been
used to produce ionized clusters of 2C ions, which are extremely useful as a calibrant
due to the definition of the atomic mass unit, and for the production of ions of 5°Ti,
S0V, 50Cr [139] 96Zr [136], 13Cd [140], and Pt [32], all for the study of neutrinoless
double 3 decay, or for the production of !B for the measurement of the "'C Qpc

value [136], among others.
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Figure 3.4. Photographs of the LEBIT cooler-buncher, from [128]. Left, the
cooler section and pRFQ, and right, the buncher section and ejection
optics. Ceramic mug for scale.

3.4 Beam Cooler and Buncher

Beam in the LEBIT facility comes from gas stopping area or either of the two
offline ion sources; a 90° bender is used to steer beam from the offline sources while
deflecting beam from the other sources, or disabled to allow beam from the gas
stopping area to enter the LEBIT beam cooler and buncher [141]. The LEBIT cooler-
buncher is a two-stage gas-filled RFQ ion trap that accepts continuous beam and
converts it to low-energy, low-emittance ion pulses for efficient ion capture upon
injection into the LEBIT Penning trap [142]. Figure 3.4 shows the two sections
of the LEBIT Cooler-Buncher. The first RFQ stage uses a moderate buffer gas,
usually ~ 0.02 mbar helium, to “cool” or slow the ions and reduce their transverse
emittance through collisions in the large diameter RFQ ion guide which provides an
electrostatic gradient dragging the ions towards the second section. The second stage
is operated at a lower pressure (usually ~ 10~* mbar), and consists of a segmented
RFQ which is used to generate a trapping potential to perform the final cooling and

accumulation of ions before the bunched ions are released to the LEBIT Penning
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trap in pulses of approximately 100 ns [143]. A lower pressure in this second section
is desirable to minimize beam reheating during extraction. A small-diameter pRFQ

provides efficient transport between these two sections while also allowing differential

pumping.

3.5 9.4 T Penning Trap

Mass measurements at LEBIT are currently performed using the 9.4T Penning
trap mass spectrometer [143, 144], though a second trap, the Single-Ion Penning Trap
(SIPT) is currently being commissioned. Trapping in a Penning trap is illustrated
in the schematic in 3.5, where a homogeneous magnetic field created by the 9.4 T
superconducting magnet provides radial confinement while the hyperbolic electrode
structure (seen in Fig. 3.6) creates an electrostatic quadrupole potential that provides

axial confinement.

3.5.1 Trapping

The quadrupole potential is generated from a potential difference of Vj ~ 25 V
between the ring and endcap electrodes of the LEBIT Penning trap. As shown in
Fig. 3.5, these are both hyperbola, with the ring electrode having an inner radius
of po = 13 mm, and the spacing between the two endcaps of 2zp = 22.36 mm.
Additional correction ring and tube electrodes exist to correct for deviations from a
pure quadrupole potential due to the holes in the endcaps for injection and ejection
of ions, and the finite size of the electrodes; the trap was designed to minimize such
deviations [144].

Axial trapping at LEBIT is accomplished through a dynamic method, where the
potential of the injection-side endcap is switched rapidly. When an ion bunch is
injected into the trap, the potential is lowered, allowing it to enter; once the ion

bunch is in the trap, the potential of this electrode is rapidly raised, trapping the ion
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Figure 3.5. Schematic diagram of an ideal Penning trap from [143], with
hyperbolic ring and endcap electrodes generating an electrostatic
quadrupole potential for longitudinal confinement and a magnetic field for
radial confinement

Figure 3.6. Photograph of the LEBIT Penning trap with one endcap
electrode removed, from [143]. Note the hole in the endcap electrode for ion
injection/ejection, and the bottle cap for scale.
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bunch. Timing of the rise in potential is optimized such that the ion bunch is located
in the middle of the trap when the injection electrode is changed to the trapping
potential [144].

The magnetic field B of the 9.4 T actively-shielded, persistent, solenoidal, su-
perconducting magnet provides radial confinement for the ions, as a moving ion
of mass m and charge ¢ in a magnetic field will undergo cyclotron motion with
a frequency w, = %. Superconducting magnet based on NizSn technology such
as the LEBIT magnet are known to have relatively large but very linear magnetic
field decay rates [145]. The LEBIT 9.4 T magnet’s decay has been measured as
A?B JAt ~ —8 x 1078 /hr, and is compensated for by running current through a pair
of insulated copper wires wound around the bore tube of the magnet [143, 146]. Fur-
thermore, the pressure of the helium bath is stabilized using a precision barometer
and a valve controlled with a PID loop; variations in pressure affect the evaporation

of the liquid helium in the bath, and thus cause nonlinear changes in the magnetic

field strength.

3.5.2  lon Eigenmotions

An ion captured in a Penning trap undergoes a characteristic motion, which has
been solved exactly for an ideal Penning trap [147]. This motion is a superposition
of three independent eigenmotions, as seen in Fig. 3.7. These are the axial (z), mag-
netron (-), and reduced cyclotron (+) motions, each of which has an eigenfrequency,
w,, w_, and w,. These are most clearly defined based on two additional parameters,

qB

the previously-discussed true angular cyclotron frequency w, = %= and the charac-

teristic trap parameter d. The characteristic trap parameter is defined in terms of
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magnetron (-) reduced cyclotron (+)

Figure 3.7. Motions of an ion in a Penning trap, from [143]. This motion is
a superposition of the three eigenmotions, axial, magnetron, and reduced
cyclotron.

the trap dimensions py and zp as d =

where ¢, m, and V; are the charge and mass of the trapped ion and the trapping
potential. For a singly-charged ion of m = 50 u in the LEBIT 9.4T Penning trap,
these frequencies are roughly v, = 3 MHz, v, = 100 kHz, and v_ = 2 kHz, and in
general, vy > v, > v_.

There are three additional important relations among the frequencies, the first of

which is called the Invariance Theorem [148].

w? =w? +w? +w’ (3.3)
We = Wi + w_ (3.4)
w? = 2w, w_ (3.5)
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While the Invariance theorem is true even for small (~ 107%) misalignments with
the magnetic field and distortions of the trapping potential [147, 149], the TOF-ICR

technique makes use of Eq. (3.5).

3.6 Ion Preparation

Ion bunches released from the cooler-buncher are rarely isotopically pure; these
impurities come from many sources, including the original cocktail beam, the ion-
ization and chemical recombination of impurities in the gas cell, and the decay of
radioactive ions of interest. However, the presence of more than one ion species in
the Penning trap during a mass measurement can lead to systematic errors in the
determined mass [150], due to the Coulomb interaction of the ion of interest with the
contaminant ions. Thus, a multi-stage system of beam purification has been imple-
mented at LEBIT [151]. The first stage occurs on extraction from the gas cell, where
the magnetic dipole mass separator generally achieves a resolving power greater than
500, separating non-isobaric contaminants.

The second stage occurs on extraction from the cooler-buncher; a fast kicker
following the extraction optics [152] provides a time-of-flight mass filter. This is done
using a fast switching deflector, which is composed of pairs of plates in the horizontal
and vertical directions. A voltage is applied to prevent ions from reaching the Penning
trap. When the isotope of interest passes, a fast (~ 300 ns) switch drops the deflector
voltage to zero, allowing transport to the trap. As the pulses are of ~ 100 ns FWHM,
this gives a resolving power greater than 400. This is necessary to remove non-isobaric
contaminants from ions produced in the offline sources, which do not pass through
the magnetic dipole mass separator, and to remove any contamination produced
in the cooler-buncher through, e.g, charge exchange with contaminant molecules or
radioactive decay.

Following the fast kicker, the ion bunch passes through the injection optics, a
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series of cyclindrical electrodes. The final electrode is quadrisected radially, forming
a “Lorentz steerer” [144, 153]. This uses an electrostatic bias across opposing sections
to create an electric dipole field, which in combination with the magnetic field of the
9.4 T solenoid results in an E x B force on the ion, thus causing off-axis injection
into the Penning trap. This is done to provide initial magnetron (w_) motion of
the ion, which is necessary for the time-of-flight ion cyclotron resonance (TOF-ICR)
technique used at LEBIT that will be discussed in the next section. The final stage of

purification, which removes isobaric contaminants, occurs in the Penning trap itself.

3.6.1 Dipole Excitation

The motion of a trapped ion can be excited through the application of multipolar
RF fields. At LEBIT, this is done through the segmented ring electrode, where RF
voltages can be applied to each individual segment. As an 2™-pole excitation requires
2" segments, this means that the eight-fold segmented LEBIT ring electrode can
support up to octopole excitation [144]. An electric dipole excitation at an eigen-
frequency will result in an increase of the amplitude of the associated eigenmotion.
Thus, dipole excitation is an effective method of cleaning contaminant ions out of the
trap [6, 154]. An excitation at the reduced cyclotron (wy = 27v, ) eigenfrequency will
drive the ion to a large radius and out of the trap or to such a radius that it cannot
be extracted. In the trap, a dipole excitation is generated by applying opposite-phase
RF to opposing sections of the ring electrode, as illustrated in the left panel of Fig.
3.8

3.6.2 Narrowband Dipole Cleaning

The use of dipole excitation of the reduced cyclotron eigenfrequency for clean-
ing contaminant ions out of the trap relies on the fact that the reduced cyclotron

frequency is mass-dependent. By applying dipole excitation at the mass-specific fre-
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Figure 3.8. Schematic diagram of LEBIT Penning trap eight-fold
segmented ring electrode, showing segment usage during (a) Dipole and (b)
Quadrupole excitations. Black indicates segments to which no voltage is
applied, and the RF voltage is applied 180° out of phase between the
red(+Vgr) and blue (—Vgp) segments.

quencies of known contaminants in the trap, these contaminants can thus be cleaned
out of the trap without interfering with the isotope of interest. This relies on iden-
tifying the contaminants in the trap; while commonly several contaminants can be
easily identified based on the known composition of the beam, it is also common for
molecular ions from the gas cell to be present in the bunched beam, which require

more effort and time to identify.

3.6.3 SWIFT

The second form of dipole cleaning used at LEBIT instead identifies ranges of
frequencies surrounding but excluding a range around the ion of interest to excite.
This cleans out all contaminants in these mass bands while leaving the ion of interest
unaffected, thus significantly reducing the time that needs to be spent identifying
contaminants and allowing more experimental time to be used to conduct mass mea-
surements. The technique used to do this is the Stored Waveform Inverse Fourier

Transform (SWIFT) technique [155-158]. The profile of the SWIFT excitation is
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Figure 3.9. Excitation profiles for SWIFT beam purification at LEBIT,
from [155]. (Top) in the frequency domain, two uniform rectangular
excitations are separated by a gap of non-excitation centered on the isotope
to be measured. Ions whose v, lies in the excitation bands will be cleaned
from the Penning trap. (Bottom) The real part of the inverse Fourier
transform of the above frequency-domain signal, which is applied to the
electrodes for cleaning.
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created in the frequency domain, as illustrated in the top of Fig. 3.9, with two rect-
angular excitations surrounding an unexcited gap around the frequency v, of the
ion of interest. This then undergoes an inverse Fourier transform, producing the
time-domain waveform that will be generated by an arbitrary function generator and
applied to the Penning trap, as shown in the bottom of Fig. 3.9. As this technique
cannot be used when the ion needing to be cleaned is close in mass to the ion of
interest (generally the gap must hundreds of Hz wide to avoid unwanted RF signal),

SWIFT and narrowband dipole cleaning are often used in concert.

3.7 Cyclotron Frequency and Mass Determination

After purification, the trapped bunch is then excited and the time of flight to
the multi-channel plate (MCP) at the end of the beamline is measured. This al-
lows the determination of the cyclotron frequency w,. of the ion, and thus the final

determination of its mass.

3.7.1 Quadrupole Excitation

If, instead of the opposite phases of RF applied to two opposing plates of the ring
electrode, opposite phases are applied in an alternating fashion to two pairs of opposed
ring segments (illustrated in the right panel of Fig. 3.8), this will create an RF
quadrupole excitation, which couples to both radial eigenmotions. If an ion with some
initial magnetron motion (created either through off-axis injection via a “Lorentz
steerer”, as at LEBIT, or through dipole excitation) is excited at vrp = v, = vy +1v_,
this causes the conversion between magnetron and reduced cyclotron motion [150],
as illustrated in Fig. 3.10. As v, > v_, the conversion from magnetron to reduced
cyclotron motion is accompanied by an increase in the energy of the radial motion of

the trapped ion.
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Figure 3.10. Hlustration of the conversion of magnetron to reduced
cyclotron motion, from [156]. (a) Ion begins with pure magnetron motion
(red), with amplitude p_ = pg and p, = 0, until the quadrupolar RF at
VRr = V. is applied and the reduced cyclotron radius begins to grow and
consequently the magnetron radius decreases. (b) Time has passed and full
conversion has occurred, with p_ = 0 and p, = po.

3.7.2 TOF-ICR

The change in the energy of the radial motion is detected using the time-of-flight
ion cyclotron resonance (TOF-ICR) technique [159-161]. Following excitation, the
voltage on the ejection endcap is lowered, and the ion travels through the ejection
optics to an MCP in the Daly configuration [162], where it is detected, and the time
of flight relative to the ejection pulse is recorded. When the ion is ejected, its reduced
cyclotron motion gives it a magnetic moment p = E,./BZ, where E, is the energy of
the radial motion of the ion, and the magnetic field will generally reduce in strength

along the ions path to the MCP. The interaction between the ions magnetic moment

E. . 0B

Be Ba where Bj is

and the field gradient results in an axial force, F' = —p%—f =
the maximum field strength. When the ion has left the magnetic field, all of the
kinetic energy in the radial motion gained in the excitation has been converted to an

acceleration along the axis; thus, when the kinetic energy associated with the radial

motion is maximized by an excitation at w,., the time of flight is minimized.
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Figure 3.11. A sample %K™ time-of-flight ion cyclotron resonance with an
excitation time Tgr = 100 ms. The solid red curve represents a fit of the
theoretical profile [160].

The total time of flight can be calculated by

)= [ o (qm v ) O

where Ej is the total initial energy of the ion, ¢ its charge, and V(z) and B(z) are
the electric potential and magnetic field strength along the ions path z from the trap
(z0) to the detector (z1). An ion cyclotron resonance curve can thus be obtained by
varying vrr around v, as seen in Fig. 3.11, and then the actual cyclotron frequency

is determined by fitting the theoretical line shape [160] to the data.

3.7.3 Mass Determination

In order to determine the mass using Penning trap mass spectrometry, the mag-
netic field must also be measured very precisely. This is done using the same TOF-
ICR technique to measure the mass of a (usually stable) ion or molecular ion of a
very well-known mass, called the reference ion. To maximize precision, TOF-ICR

measurements of the ion of interest are interleaved with measurements of the refer-
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Figure 3.12. Illustration of linear interpolation of reference measurements
to determine cyclotron frequency of the reference ion at the time of the
measurement of cyclotron frequency ratio of the ion of interest. The ratio
R of these two cyclotron frequencies can be used to determine the mass of
the ion of interest if the mass of the reference ion is known

ence ion. As the magnetic field of a persistent superconducting magnet decays over
time, the two reference measurements bracketing an ion of interest measurement are
used to interpolate the magnetic field strength during the mass measurement, as
illustrated in Fig. 3.12.

The primary experimental result of a Penning trap mass measurement is thus
R = %, where v, is the cyclotron frequency of the ion of interest, v is the

linearly-interpolated cyclotron frequency of the reference ion, and ¢ and .. are their

charge states. This can be used to determine the mass of the nuclei of interest m as

m = R[mref — Qref * me] +q-me (37)

where m,. is the reference mass, and m, is the mass of the electron. Usually, R
is replaced with R, the weighted average of a series of individual measurements R.

The electron ionization energies and any applicable molecular binding energies are on
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the order of eVs, orders of magnitude smaller than the involved masses, are usually
too small to have any effect on the statistical uncertainty and are not included;

additional systematic uncertainties will be considered for the specific case presented

in the following chapter.
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CHAPTER 4

MASS MEASUREMENT OF 5¢CU FOR THE ASTROPHYSICAL rp PROCESS

4.1 Motivation

As discussed previously, reaction pathways around waiting point nuclei are criti-
cal to understanding the reaction flow of the astrophysical rp process. With a small
@ value for the *°Ni(p,~) reaction of @Q,, = 690.3(4) keV [108] and an hours-
long stellar half-life [163], the doubly-magic nucleus *°Ni is one of the most im-
portant rp-process waiting points [164]. Indeed, it was historically thought to be
the endpoint of the rp process [60], though we now know it can proceed to higher
masses [61, 165]. The flow through %Ni is well-characterized, based on @ values
[108, 164], as well as *Ni(p,y) [166] and 5"Cu(p,y) [167] reaction rates. A route
starting at %°Ni could allow rp-process flow to bypass the *Ni waiting point through
Ni(p,7)*¢Cu(p,y)*"Zn(S1)5"Cu but it is not as well characterized; the branching
of the flow at ®Ni between the two routes is determined by the 8 decay rate and
the ®Ni(p,y) and 56Cu(y,p) reaction rates. These two different reaction paths are
illustrated in Fig. 4.1.

Recently, the low-lying level scheme of *°Cu was experimentally determined for
the first time [168], leaving the largest source of uncertainty in the critical %Ni(p,y)
rate, which can be approximated by Eq. (1.20) to be the proton separation energy
of °Cu. Because of its high astrophysical importance, several predictions of the
% Cu atomic mass have been made recently using the Coulomb Displacement Energy

(CDE) mass relation [169], and the Isobaric Mass Multiplet Equation (IMME) [168].
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Figure 4.1. Diagram of the reaction pathways around °°Ni; the primary
pathway through °°Ni is in black, and the bypass studied with this mass
measurement is in red.

Furthermore, the Atomic Mass Evaluation (AME) predictions varied by several hun-
dreds of keV from AME2003 [170] to AME2012 [89]. Moreover, a precision of better
than 10 keV for masses of rp-process nuclei is desirable for reliable reaction network
calculations [65], a precision which is not achieved by any of the current predic-
tions. The recently released AME2016 includes an unpublished atomic mass from a
private communication with P. Zhang et al. [108] which also fails to achieve the nec-
essary precision. Hence, a high-precision mass measurement of **Cu using Penning
trap mass spectrometry, the most accurate available technique, was performed at the
Low-Energy Beam and Ion Trap (LEBIT) facility at the National Superconducting
Cyclotron Laboratory (NSCL) in June 2017 [171].
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4.2 Production of *°Cu

The LEBIT facility [127] performs mass measurements on rare isotopes produced
via particle fragmentation at the NSCL, as discussed in the previous chapter. In
this experiment, radioactive **Cu was produced by impinging a 160 MeV /u primary
beam of *®Ni on a 752 mg/cm? beryllium target at the Coupled Cyclotron Facility at
the NSCL. The resulting beam passed through the A1900 fragment separator with

a 294 mg/cm?

aluminum wedge [129] to separate the secondary beam. This beam
consisted of *Cu (2.6%), with contaminants of 5°Ni, 4Co, and **Mn.

The beam then entered the beam stopping area [130] through a momentum com-
pression beamline, where it was degraded with aluminum degraders of 205 ym and
523 pm thickness before passing through a 1010 gm, 3.1 mrad aluminum wedge and
entering the gas cell with an energy of less than 1 MeV /u. As previously discussed,
the ions are stopped and recombine down to lower charge states through interactions
in the gas cell, then extracted through a radiofrequency quadrupole (RFQ) ion-guide
and transported through a magnetic dipole mass separator with a resolving power
greater than 500. Transmitted activity after the mass filter was measured using an
insertable Si detector. The most activity was found with A/q = 92, corresponding to
the extraction of Cu as an adduct with two water molecules, [*°Cu(H,0)y]". Fol-
lowing the mass separator, the ions then entered the LEBIT facility; Fig. 4.2 shows
a schematic of the path of the beam from the gas stopping area through the LEBIT
facility.

In the LEBIT facility, the [°Cu(H,0),]" ions were first injected into the cooler-
buncher [142]. On top of its usual operation to cool and bunch the beam, it was
also operated to increase the likelihood of molecular breaking following the technique
previously used at LEBIT [172]. A potential difference of 55 V between the gas cell
and the cooler-buncher accelerated the ions into the helium gas to strip the water

ligands using collision-induced dissociation. In this process, molecular ions collide
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Figure 4.2. Schematic diagram of the gas stopping area and LEBIT facility.

with the buffer gas and generally emit a neutral molecule; this requires the energy
of the collision be high enough (> 10 eV) to break the molecular bond. The ions
were then accumulated, cooled, and released to the LEBIT Penning trap in pulses
of approximately 100 ns [143]; the fast kicker in the beam line between the cooler-
buncher and the Penning trap was used as a time-of-flight mass separator to select
ions of A/q = 56, corresponding to "°Cu™ and unwanted molecular contaminants of
the same A/q. After their capture, the ions were purified, using both dipole cleaning

[173] and the stored waveform inverse Fourier transform (SWIFT) technique [155].

4.3 Mass Measurement

Once the Cu ions were trapped and other ions were cleaned out of the trap,
the previously-discussed time-of-flight ion cyclotron resonance technique (TOF-ICR)
[159, 160] was used to determine the ions’ cyclotron frequency. In these measure-
ments, either a 50-ms, 75-ms, or 100-ms quadrupole excitation was used. These
resonances were then fitted to the theoretical line shape [160], and the cyclotron
frequency was thus determined; a sample 50-ms resonance of *Cu™ can be seen in

Fig. 4.3. Between measurements of the 5°Cu™ cyclotron frequency, measurements
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Figure 4.3. A sample 50-ms *°Cu™ time-of-flight ion cyclotron resonance
used for the determination of the frequency ratio of v%f(C4HZ) /v.(*Cu™).
The solid red curve represents a fit of the theoretical profile [160].

of the reference molecular ion C,H7 cyclotron frequency were conducted. The C,H;
molecule is possibly the result of an A = 92 hydrocarbon molecule extracted from
the gas cell and coming with the [*Cu(H;0),]™ molecule broken by collision-induced
dissociation [172].

In Penning trap mass spectrometry, the experimental result is the frequency ra-
tio R = v /., where v/ is the interpolated cyclotron frequency from the C,HZ
measurements bracketing the °Cu™ measurements. A series of 17 measurements of
the %Cu™ cyclotron frequency were taken over a 40-hour period and the weighted
average of these measurements is R =1.01641577(12). As seen in Fig. 4.4 and the
Birge ratio [114] of 1.11(12) the individual values of R scatter statistically about the
average R, though the reported uncertainty was scaled by the Birge ratio as it was

greater than one, following the policy of the Particle Data Group [126]. Then, using

the average of multiple frequency ratios R the atomic mass M (*Cu) is given by:

M(56Cu) = R [M(C4H7) — me] + M, (41)
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Figure 4.4. Measured cyclotron frequency ratios R = 15 /v.(**Cu™) relative

to the average value R; the grey bar represents the 1o uncertainty in R.

where M (C4H7) is the mass of the neutral C4H; molecule, and m, the electron mass.
The electron ionization energies and the molecular binding energy of C,H7, all on the
order of eVs, were not included as they are several orders of magnitude smaller than

the statistical uncertainty of the measurement.

4.4 Error Analysis

Most systematic uncertainties in the measured frequency ratios scale linearly with
the mass difference between the ion of interest and the calibrant ion. These systematic
effects include: magnetic field inhomogeneities, trap misalignment with the magnetic
field, harmonic distortion of the electric potential and non-harmonic imperfections
in the trapping potential [159]. All these effects result in a mass-independent shift
in the cyclotron frequency ratio; however, the frequency ratio of two ions of different

mass depends on their mass. Thus, the measured frequency Rye.s. ratio for an ion of

interest and its reference ion will differ from the ideal Riqea = ”r:f as [174]:

1Z

Vyef + AVref
Rmeas = T A 4.2
' v, + Av, (4.2)
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where Av,s and Av, are the shifts to the reference ion and ion of interest, respectively.
The large, MHz-range value of the cyclotron frequency and the small, Hz-range value

of frequency shifts means that ov./v. < 1, and thus:

AR o Rmeas. - Rideal ~ AVref _ AVC
R Rideal Vryef Ve

(4.3)

When these frequency shifts are very similar, Ay, =~ Av, = Av, the frequency shift
will have the form AR/R = (2rAv/b)A(m/q), where A(m/q) = (Myet/Gret — M/q
[174]. Mass-dependent shifts to R have been studied at LEBIT through a series of
measurements of the well-known masses of 3K ,**Rb, and '33Cs as well as several
carbon clusters ?C,, and found to be at the level of 27rAv/(m/q) =2 x 1071°/(u/e)
[135, 136]. For the mass shift of 1 u between two same-charge ions present in this
measurement, this is negligible compared to the statistical uncertainty on R.
Remaining systematic effects include non-linear time-dependent changes in the
magnetic field, relativistic effects on the cyclotron frequency, and ion-ion interaction
in the trap. Previous work has shown that the effect of nonlinear magnetic field
fluctuations on the ratio R should be less than 1 x 107 over an hour [153], which
was our measurement time. Relativistic effects on R were found to be negligible

(~ 2 x 107!!) due the large mass of the ions involved.

4.4.1 z-class Analysis

Isobaric contaminants present in the trap during a measurement could lead to
a systematic frequency shift [150]; this effect was minimized by removing most of
the contamination using the SWIFT and dipole excitations and by limiting the total
number of ions in the trap. For *°Cu, the incident rate limited detected ions in the
trap to two or fewer. The number of C4HZ ions was limited by only analyzing events

with five or fewer detected ions, which corresponds to 8 or fewer detected ions based
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on the measured 63% efficiency of the LEBIT MCP [38]. A so-called z-class analysis
was performed, where each resonance was divided into the resonances formed by only
events with 1, 2, 3, 4, or 5 ions, and these resonances were then fit independently. The
ratio R was calculated for each class, and so any count-dependent shifts to R were

found to be more than an order of magnitude smaller than the statistical uncertainty.

4.4.2 Systematic Testing of the SWIFT Technique

Possible systematics arising from the use of the SWIFT cleaning technique were
probed through a measurement of the ratio R of stable potassium isotopes; R =
vt (39KT) /v (1K), with SWIFT being used on the 4K measurement but not for
the 3K reference, as in the experiment. Potassium was produced using the LEBIT
offline thermal ion source and otherwise treated in the same way as the ions produced
online. The measured R value agrees with the accepted ratio to within a Birge ratio
[114] scaled uncertainty smaller than 2 x 107%; individual R values can be seen in
Fig. 4.5. Thus, any mass dependent shifts either from the usage of SWIFT or the

difference in mass are negligible compared to the statistical uncertainty on the °Cu

measurement.

4.5 Results

The resulting mass excess is reported in Table 4.1 as well as the recommended
value from the two previous Atomic Mass Evaluations [89, 170], Coulomb Displace-
ment Energy [169], and the Isobaric Mass Multiplet Equation [168] predictions and
the latest result from AME2016 [108]. A comparison can also be seen in Fig.
4.6. Our new °°Cu mass results in Q) (*°Ni) = 579.8(7.1) keV, calculated from
Qp) (°Ni) = [=M (*Cu) + M (*°Ni) + M (*H)] ¢* using our new *°Cu mass and the
masses of *°Ni and 'H from AME2016 [108].
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Figure 4.5. Difference of measured R values of *'K relative to the value
calculated from AME2016 [108]. The grey bar represents the average R
value and its 1o uncertainty; the uncertainty of the AME2016 value,
1.5 x 107, is not visible on this graph.

TABLE 4.1

A COMPARISON OF PREDICTED MASS EXCESSES FOR °°CU AND
Qp(°°Ni) WITH THE RECENT MEASUREMENT IN VALVERDE ET
AL. [171] AND THE WEIGHTED AVERAGE OF THE TWO
EXPERIMENTAL MEASUREMENTS.

Ref. ME (keV) Q) (°°Ni) (keV)

Valverde et al. [171]  -38 626.7(7.1) 579.8(7.1)

AME2016 [108] 38 643(15) 596(15)
Experimental Average -38 629.6(6.4) 582.8(6.4)

Ong et al. [168] -38 685(82) 639(82)

Tu et al. [169] -38 697(88) 651(88)

AME2003 [170] -38 600(140) 560(140)

AME2012 [89] -38 240(200) 190(200)
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Figure 4.6. Comparison of the mass excesses reported in AME2003 [170]
and AME2012 [89], the CDE [169] and IMME [168] calculated values, and
the Penning trap mass measurement [171].

4.5.1 Reaction Rate

Using the weighted average of our new °°Cu mass and the AME16 value, also
available in Table 4.1, and the level scheme and uncertainties established in Ref.
[168], a new astrophysical reaction rate for *Ni(p, ) was calculated by Wei Jia Ong
following the method outlined in Ref. [168]. The proton and 7 widths, I', and I,
were calculated for each state using a shell model with the GXPF1A interaction
[175]. Up to three-particle-three-hole excitations in the pf shell were allowed in this
calculation, with the proton and « widths and uncertainties and resonance strengths
scaled appropriately. A Monte Carlo approach, similar to that in [168, 176], was
used to calculate reaction rate uncertainties. At a given temperature, the 16th and
84th percentiles give the 10 uncertainties, and the 49th percentile was used as the
median to counter the effects of a skewed distribution from a close-lying resonance.
Direct capture rates were calculated using S(0) = 30.21 MeV b [177]. Reverse rates
are calculated from detailed balance and are most strongly sensitive to the Q-value

of the reaction; thus the reverse rate uncertainty for each Q-value is small and the
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uncertainty due to the variation of resonance parameters is encompassed within the
thickness of the reverse rate line [178]. The results can be seen in Fig. 4.7, compared
with the results found using the extrema of the calculated *Cu masses, AME2012[89]
and Tu et al. [169]; this shows that the (p,y) reaction dominates up to ~ 0.3 GK,
slightly lower than the Tu et al. case, and significantly higher than the AME2012
case, where the reverse rate always dominates. For the AME2012 mass, at low
temperatures, direct capture dominates, leading to little uncertainty, but at higher
temperatures, the reaction can access resonant states and the mass uncertainty dom-
inates. Our mass shows a reduced reaction rate uncertainty when compared to these
cases, as the () value uncertainty is now comparable to that in the excitation energy

of the resonant states.
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(solid blue) compared to that using the masses from AME2012[89] and the
same fractional difference using the mass from Tu et al.[169] (dashed red).

4.5.2 Mass Abundance in Ashes

A single-zone X-ray burst model calculation was performed by Wei Jia Ong using
the new *°Cu mass with an ignition temperature of 0.386 GK, ignition pressure of
1.73 x 10?? erg cm ™3 and initial hydrogen and helium mass fractions of 0.51 and 0.39
respectively, demonstrated by [179] to produce light curves and ash compositions
to most closely match those of multi-zone models, and with a peak temperature
of 1.17 GK. As can be seen in Fig. 4.8, the final abundances produced by this
calculation demonstrate the extent to which the bypass due to the change in (p,y)-
(7,p) equilibrium is active, showing a reduction in abundance in the mass range
around the °Ni waiting point in comparison to ones based on the suggested AME2012

value, though not as extreme as the one seen with the mass from Tu et al.; Our
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maximal bypass is 39%, with a typical X-ray burst trajectory having a bypass of
15%. This means the newly-calculated reaction rate allows some of the rp-process
flow to bypass the waiting point and proceed more quickly through the region. The
percentage increase in heavier mass ashes is not as apparent due to the higher absolute
abundance of ashes at around mass 60. Since the rp-process ashes are pushed down
into the neutron star crust under continued accretion, changes in ash composition
lead to differences in the thermal evolution of the neutron star crust once accretion
has ended [180].

In summary, the high precision measurement of the mass of *°Cu is reported,
allowing the calculation of the °Ni proton capture energy to a precision of 6.5 keV,
a factor of 30 improvement over the AME2012 extrapolated value and a factor of
more than 12 improvement over the IMME and CDE calculated values [168, 169]
while agreeing with the private communication available in AME2016 [108]. New
thermonuclear reaction rates were then calculated using an experimental mass of
%Cu for the first time, and abundances for the rp process around the 5°Ni waiting
point were determined. These abundances show that the new reaction rate allows the
rp-process to redirect around this waiting point and proceed to heavier masses more
quickly, resulting in an enhancement in higher-mass ashes. The dominant sources
of uncertainty are now the unmeasured widths I', and T',, for the **Ni(p,7) reaction;
the unmeasured higher-lying level scheme of **Cu; the unmeasured Zn mass for
the Cu(p,y) reaction and the °"Zn(v,p) reaction, which hampers this flow from
bypassing °°Ni at high temperatures; and the high uncertainty on the S-delayed
proton branch of 57Zn (78(17)%, [181]), which directs flow back to 5°Ni.
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CHAPTER 5

A COOLER-BUNCHER FOR THE N = 126 FACTORY

5.1 Overview of N = 126 Factory

5.1.1 Production

The N = 126 Factory is a facility under development at the Argonne Tandem
Linear Accelerator System (ATLAS) at Argonne National Laboratory, intended to
produce nuclei around the N = 126 shell closure. The properties of these nuclei,
particularly their masses, are critically important for understanding the rapid neutron
capture or r process [68, 78]. Measurements of these masses, however, are currently
impossible based on the currently-available production techniques for rare isotope
beams. In the case of target- or projectile-fragmentation, the relevant targets are
unavailable, and relevant beams will have to wait for next-generation facilities like
FRIB. Fusion, the other common production techniques for heavy nuclei, is also
unable to produce these isotopes. In all these cases, the production cross sections
of the isotopes of interest in the N = 126 region are too low to allow for mass
measurements [95]. An alternate production method, multi-nucleon transfer (MNT)
reactions, makes use of the transfer or multiple nucleons between heavy beams and
heavy targets in deep inelastic collisions near the Coulomb barrier [100, 101]. As seen
in Fig. 1.8, tests using the EXOGAM high-efficiency germanium array at GANIL
show a significant increase in production cross-section for N = 126 isotopes using
MNTSs between a **Xe beam on a %Pt target over the projectile fragmentation of

a 2%Pb beam on a “Be target at GSI [96, 97, 102, 103]. Recent calculations [182]
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Figure 5.1. From [182]. Production (in particles per second) of impinging a
9 MeV/u, 5 puA **Xe beam from ATLAS on a stable ®Pt target [98].
The red line indicates the division between measured and unmeasured

masses [108]

have shown that such a reaction using a 9 MeV /u, 5 puA ***Xe beam from ATLAS

impinged on a stable "®Pt target will produce measurable quantities of the isotopes

of interest around the N = 126 shell closure (Fig. 5.1).

5.1.2  Design

The N = 126 beam factory will have to convert the products of the MNTSs,

which due to the deeply-inelastic nature of the collisions are distributed across wide

angles. It will thus be necessary to convert them into a beam, separate out a single

isotope, and deliver bunches of this isotope to the experimental station, which in

the case of mass measurements will be the Canadian Penning Trap (CPT). This set

of requirements is similar to those faced by the Californium Rare Isotope Breeder
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Figure 5.2. Schematic diagram of the N = 126 facility at ATLAS,
highlighting the primary elements.

Upgrade (CARIBU) at ATLAS [183], on which the design of the new facility will
be based. A schematic diagram of the N = 126 factory can be seen in Fig. 5.2,

illustrating its primary elements, which will be further described.

5.1.2.1 Gas Catcher

The N = 126 factory begins with the target for MNT reactions, '**Pt and the
136X e beam from ATLAS which is impinged upon it. The resulting reaction products
will be distributed over a wide angular distribution and have a wide distribution
of energies; they must be collected and focused into a beam. This will be accom-
plished using a large-volume helium-filled radiofrequency (RF) gas catcher [184], the
downstream side of which will be the platinum target mounting location.

The N = 126 gas catcher design will use the linear RF gas catcher [185] design
developed at Argonne and currently in use at CARIBU [186] and for injection into
the CPT [187]. As in the CARIBU gas catcher, this design is optimized for reaction
products that do not have a preferred direction but instead can fill the entire 27w
solid angle after the target. The gas catcher is composed of a cylindrical body filled

with ~ 100 mbar of high-purity helium gas. This gas will slow the reaction products
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through collisions, and highly-charged ions will recombine down to 11 or 2% charge
state, based on second ionization potential of the species in question and the high
first- and second- ionization energies of helium. These stopped ions are then guided
towards extraction using a combination of RF and DC electric fields and gas flow,
entering an RF cone that focuses the ions on the extraction nozzle, from which
gas flow will extract them from the stopping volume [186]. On extraction, the ions
are guided by a radiofrequency quadrupole (RFQ) ion guide through a region of
differential pumping, and then reaccelerated to a transport energy of tens of keV.
While a beam dump will be used to stop the primary beam, the rest of the N = 126
factory guides the extracted reaction products over a concrete wall designed to protect

downstream experimental apparatus from neutrons produced in the MNT reactions

(See Fig. 5.2).

5.1.2.2 Dipole Mass Separator Magnet

The next device in the N = 126 beamline is a dipole mass separator magnet.
This is necessary because the downstream devices have a limited acceptance, while
the ions extracted from the gas catcher represent the entire mass range produced
by the ¥Xe + 98Pt reaction. A 90° dipole bending magnet, in combination with a
slit system and an electrostatic quad doublet, will provide separation at R ~ 1000,
more than sufficient to separate isobars emerging from the gas catcher, but not able
to fully resolve isotopes. It will thus significantly reduce the rate of masses incident

downstream.

5.1.2.3 Cooler-Buncher

Following the mass separator magnet, the ion beam is injected into an ion beam
cooler and buncher. A cooler-buncher is a buffer-gas-filled linear Paul trap designed

to convert a high-emittance continuous source into a low-energy, low-emittance ion
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bunches [188]. Collisions with the buffer gas reduce the transverse emittance and
energy spread, providing a damping force and “cooling” the ions, while the RFQ rods
of the Paul trap are segmented and a potential is applied such that a weak electric
field drags the ions axially to the end of the cooler-buncher [142]. Here, a potential
well is created accumulating or “bunching” ions; these bunches are then released
downstream by switching the trap potential. Cooler-bunchers are currently in use
at many facilities in this role, including the CARIBU [186], ISOLTRAP [188, 189,
JYFLTRAP [190, 191], LEBIT [142], and TITAN [192] facilities. The design selected

for the N = 126 factory is currently in use at the NSCL [131, 193, 194].

5.1.2.4 Notre Dame Multi-Reflection Time-of-Flight Mass Spectrometer

The final element of the N = 126 factory is the Notre Dame Multi-Reflection
Time-of-Flight Mass Spectrometer (MR-TOF) [182, 195]. Its role is to provide iso-
baric purification of the bunched beam produced from the cooler-buncher for delivery
to experiments downstream like the CPT. An MR-TOF does this by the difference
in time of flight of the slightly different masses; a pair of electrostatic mirrors folds
the flight path of the ions such that the distance traveled by the ions is long but
the physical space occupied by the device is small [196]. These devices have typical
ion flight times of less than 10 ms, and can yield resolving powers R > 10°, making
them a common choice for isobaric separation at many rare isotope beam facilities
[197-201], including at CARIBU [202].

The design of the MR-TOF that will be used at the N = 126 factory is based on
the ISOLDE/CERN MR-TOF [203], with modifications made to the assembly [195].
Each electrostatic mirror is composed of five electrodes and an einzel lens, and the
ions are trapped and extracted using the “in-trap lift method” with the central drift
tube, where the potential of the drift tube is pulsed from high voltage to ground as the

ions pass through it to trap the ions, and from ground to high voltage for extraction
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[204]. The expected final resolving power of the MR-TOF is R ~ 10° [195], allowing
the separation of isobars for delivery to downstream experiments. The MR-TOF was
designed, assembled, and commissioned at the University of Notre Dame, and is the

subject of James Kelly’s dissertation [182].

5.2 Cooler-Buncher Physics

As previously discussed, an ion beam cooler reduces the emittance or transverse
phase space and energy spread of an ion beam; when the longitudinal confinement is
used to accumulate and then release bunches of ions, the resulting devices is called
a cooler-buncher. Cooler-bunchers thus commonly make use of linear radiofrequency
quadrupoles for radial confinement, static electrical fields for longitudinal confine-

ment, and buffer gas cooling.

5.2.1 Radiofrequency Quadrupole

An RFQ in its simplest form is composed of four rods placed such that they are
the vertices of a square transverse to and centered on the path of the beam. Oppo-
site phases of an oscillating potential are applied to adjacent rods, as illustrated in
Fig. 5.3, creating an oscillating potential that results in a time-averaged pseudopo-
tential that under the correct conditions provides radial confinement. Oscillatory
electric fields are necessary, as Earnshaw’s theorem [205] states that 3-dimensional
confinement of a collection of charges cannot be provided by electrostatic fields. The
quadrupole is the lowest-order multipole that creates a potential minimum, but such
a potential yields a saddle point, and so, ion motion is only stable on one axis of the
plane, and unstable along the perpendicular axis. By using time-varying inhomo-
geneous fields, one can create a nonzero time-averaged pseudopotential of parabolic
form, confining the ions radially [206]. For heavy ions, these oscillating quadrupole

fields commonly have frequencies in the MHz, and hence, these are called radiofre-

84



Figure 5.3. Schematic diagram of RF-switching quadrupole (top) and
switching saddlepoint potential (bottom). Figure modified from [131].

quency quadrupoles or RFQs.

While radial confinement is possible with the application of RF fields, the ap-
plication of arbitrary RF fields is not sufficient to guarantee this confinement. To
determine the conditions of stability, it is necessary to consider the equations of
motion. For a quadrupole, the general form of the electrical potential in cartesian
coordinates is [207, 208]

¢ = Vo(az® + By +~2?) (5.1)

where V[ is position-independent and can be time-varying, and «, (3, and vy are
constants. As this field must obey Laplace’s condition V2¢ = 0, these constants
must combine o + 8 + v = 0; this can be satisfied in several ways, but for the
two-dimensional field, we set « = 1 = —f and v = 0. If we further define the
potential difference between electrode pairs as ¢y and the electrodes as hyperboloids
y>—x* = +r where the minimum distance between electrodes is 2 (or, equivalently,

define the distance from the central axis to an electrode as rg), this gives an ideal
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quadrupole potential of

o= @ (:c2 — y2) (5.2)

B 2r2
In the case of an RFQ, the potential ¢ takes the form ¢y = Vgp cos(wt) + Vpe, with
a constant potential or DC component Vpe and a time-varying RF component with
magnitude Vgzp and frequency w. Combining Newton’s second law of motion with
the Lorentz force, it can be shown that an ion of charge e and mass m will move with

the equations of motion

.. €

&+ —5 (Vrp cos(wt) + Vpe) x =0 (5.3)
mrg

. €

§j— —5 (Vrr cos(wt) + Vpe)y = 0 (5.4)
mrg

We can substitute a = iﬂ%ﬁ’}%, = ifygi@ ,and 7 = %t, and in the form of the canonical
0 0

Mathieu equations, have

d*x

iz + (a+2qcos(27))z =0 (5.5)
d2

d—:j — (a+2qcos(27))y = 0 (5.6)

The Mathieu equation has two types of solutions; these are stable solutions, where
the particles oscillate in the x — y plane with limited amplitudes and are confined
radially, and unstable solutions, where the amplitude grows exponentially in the z,
y, or both directions and the particles are not confined. Which of these two scenarios
occurs is determined only by a and ¢, leading to the shaded stability regions seen
in the left panel of Fig. 5.4 [208]. RFQs are commonly operated in the largest
stability region, located nearest to the origin, expanded in the right panel Fig. 5.4.
As a/q = 2Vpe/Vrr, for a constant set of potentials, frequency and mass will only
vary the location of along a line intersecting with the origin. If the potentials are set

such that the operation line lies near the pointed region in the right panel of Fig.
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Figure 5.4. RFQ stability diagrams. (a) shows the superposition of the
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expanded view of the stable region near the origin and a black line showing
an operating line for a mass filter

5.4, then a small variation in mass can cause an ion to enter or exit the stability
region, creating a mass spectrometer [208]; alternatively, if Vp¢ is zero, which is the
common mode of operation for cooler-bunchers, then stability is determined by the

region where ¢ < 0.908 [209].

5.2.2 Longitudinal Confinement

In an cooler-buncher, the RFQ rods are segmented and static electric fields are
applied to provide longitudinal trapping. A simple example of such a trap can be
seen in Fig. 5.5, where the RFQ rods are split into three segments with the same
RF phases, but different static voltages applied. If no offset is applied to the first
and third sets of electrode, and the middle set has an offset of —V;,ap, a symmetric

trapping potential is formed. This potential would take the form [131]

Viea 2
Visap (1, ) = —222 (22 _ 1) (5.7)

20
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Figure 5.5. Diagram of a simple symmetric trap created using segmented
RFQ rods.

with the characteristic distance zy determined by the geometry of the trap. While
this provides longitudinal trapping, it will also destabilize motion in the transverse
plane. The RFQ must thus be operated such that the trapping pseudopotential is

sufficient to compensate for this effect.

5.2.3 Buffer Gas Cooling

While an RFQ structure with a longitudinal trapping potential can provide the
expected trapping and bunching of ions in a cooler-buncher, it cannot produce the
‘cooling’ or reduction of the transverse phase space or emittance of these ions. This
is because of Liouville’s theorem, which states that when only conservative forces act
on a collection of particles, their emittance is conserved. Thus, to reduce the phase
space of this system of ions, a non-conservative force must be introduced. This is
done through the introduction of a buffer gas, which adds a non-conservative force in
the from of a damping force. lons in a buffer gas alone would simply follow a random
walk; the presence of a trapping potential, however, causes the ions to settle in the
potential minimum, and oscillations around that minimum are damped by collisions
with the buffer gas, reducing the transverse phase space as desired.

Noble gasses are the usual gas of choice for buffer gas cooling. This is because
they have high ionization potentials, which means that it is energetically unfavorable

and thus unlikely for a singly-charged ion with a lower ionization potential to be

88



neutralized and thus lost. Helium, as the noble gas with the highest ionization
potential, is particularly common as a buffer gas. It has the added benefit of being
the lightest noble gas, which means that in collision with the A ~ 200 ions, the helium
should have most of the momentum transferred to them after a collision. While this
results in longer cooling times, it also reduces the probability that an ion will scatter

out of the potential well.

5.3 Design

The design selected for the N = 126 factory cooler-buncher is the same design
that is currently in use at the NSCL for the ReA post-accelerator Electron Beam
Ion Trap (EBIT) [194] cooler-buncher, which in turn was based on and substantially
identical to the design used for the cooler-buncher at the Beam Cooler and Laser
Spectroscopy (BECOLA) facility at the NSCL [193]. A cross-section of the design
can be seen in Fig. 5.6. While the considerations and simulations resulting in the
design are discussed at length in Brad Barquest’s dissertation [131], an overview of

three of the primary novelties of this design follows.

5.3.1 Maximizing Injection Acceptance

As a device designed to operate using rare isotope beams, it is important to maxi-
mize the transmission efficiency of the cooler-buncher. An important aspect of this is
minimizing losses on injection into the cooler-buncher. This is done by ensuring the
emittance of the incident beam fits within the acceptance of the cooler-buncher; as
the upstream optics for the N = 126 factory were not determined when the cooler-
buncher design was determined, as was the case with the design of the BECOLA
cooler-buncher, maximizing the injection acceptance is particularly important [131].
The injection optics of a device determine its characteristics; in this design, these

optics consist of an immersion lens decelerating the injected beam and hyperboloid
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Figure 5.6. Cross-section view of cooler-buncher design. This view shows
the RFQ electrode structure (teal), the PEEK disks that form the
differential pumping barriers (off-white), and the injection and ejection
electrodes. It also highlights the separate cooling and bunching regions.

and cone electrodes [193]. The hyperboloid ring electrode creates a cylindrically sym-
metric quadrupole field, which both decelerates and focuses the beam into the RFQ
region; the cone electrode is along an equipotential of the hyperboiloid ring, and re-
duces the penetration of the RF field from the RFQ electrodes into the deceleration
region [210]. The first segment of the RFQ electrodes themselves were also designed
to maximize acceptance. This first section begins with the RFQ electrodes flared
away from the beam axis and tapering back to the separation of the other RFQ
electrodes over several centimeters [131]. This allows the beam to expand slightly
after passing through the hyperboloid ring electrode without colliding with the RFQ
electrodes, while still maintaining the necessary radial confinement, which necessi-
tates the tighter spacing of the rest of the RFQ electrodes, as this produces a deeper
trapping pseudopotential. A cross-section view of this design and of the assembled

injection optics can be seen in Fig. 5.7.
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Figure 5.7. (a) Cross-section view of design of injection optics, showing the
injection electrode, hyperbolid ring electrode, cone electrode, and flared
RFQ section. (b) Photograph of assembled injection optics.

5.3.2 Separated Cooling and Bunching Sections

It is common to operate a cooler-buncher with the same pressure in both the cool-
ing and bunching regions [186, 188-192]. Higher pressure buffer gas results in shorter
cooling times, but higher pressure in the bunching region results in collision-induced
“reheating” or increased emittance on ejection. However, many “next-generation”
designs make use of differential pumping between the cooling and bunching regions
[142, 193]. This allows the cooling region to have a high enough pressure that the
cooling time is short enough for experiments with short-lived isotopes to be con-
ducted, while simultaneously the buncher region has a low enough pressure to reduce

the reheating of the ions on ejection [131].

5.3.3 Simplified RFQ Rod Construction

As previously discussed, a longitudinal static potential well is necessary to provide
trapping along the axis of the cooler-buncher. Generally, this takes the form of a
shallow drag field through the cooling section, providing both trapping and pushing

ions forward, and then a sharper, deeper potential well in the bunching section that
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Figure 5.8. Diagram comparing multiple electrode segments and using
diagonally cut electrodes to create a drag potential in a cooler-buncher,
from [131]

can be pulsed to eject bunches. The common approach to generating these potentials
is to segment the RFQ rods perpendicular to their long axis and add a separate static
potential to each segment, or to connect each segment to the next with resistors,
and thus gradually decrease the applied potential [186, 188-190, 211-213]. While
either of these approaches achieve the desired results, they rely on an increased
number of internal components, and on a large number of either external (separate
static potentials) or internal (resistor-chain) electrical connections, which increases
the number of possible failure points and complicates any maintenance. To reduce the
number of electrodes, it is instead possible to segment the RFQ electrode diagonally
along their long axis, creating two wedges to which different potentials can be applied,
creating a uniform drag field with a significant reduction in electrical connections;
this is the approach adopted in this cooler-buncher design [131]. An illustration of
these two approaches can be seen in Fig. 5.8.

When the RFQ electrodes are segmented, it is necessary to ensure that each RF
rod is driven with the same RF signal, independent of the DC potential applied to an
individual segment. Commonly, this is achieved through a network of capacitors or
transformers isolating the static offset voltage applied to each segment from the RF
amplifier. In the design for this cooler-buncher, however, an approach that reduces

the complexity of the system has been adopted. A common RF “backbone” electrode
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Figure 5.9. Diagram showing RF backbone coupling scheme, from [131]

Figure 5.10. RFQ electrode design, showing (a) the RF backbone and
capacitavely-coupled DC electrodes and (b) the DC electrodes, showing the
segmented bunching section and the wedge-split drag electrodes
(highlighted in red).

runs the length of the RFQ rod, and the various RFQ segments couple capacitively
to this electrode; the static offset voltage is applied through leads passing through
the RF backbone but separated by ceramic insulators (shown in Fig. 5.9) [131]. Fig.
5.10 shows the overall construction of the RFQ electrodes, illustrating both the wedge
design and the RF backbone. Fig. 5.11 illustrates the cut dividing the electrode into

wedges as a series of cross-sections moving along the RFQ electrodes.
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Figure 5.11. Cross-sections of the RFQ electrode taken perpendicular to the
beamline moving from downstream (left) to upstream (right), illustrating
the diagonal segmentation creating the wedge-shaped electrodes.

5.4 Overview

Fig. 5.12 shows an overview of the design of this cooler-buncher along with the
various pressure regions. The injection optics, including hyperboloid and cone lenses,
decelerate and focus the incident beam, and the flared RFQ structures, which also
provide radial confinement, are designed to maximize acceptance. The upstream
RFQ structure is split diagonally parallel to the beam axis to simplify the creation
of a drag field along the cooling region, where collisions with the buffer gas remove
energy from the system. Differential pumping allows the bunching section to operate
at a lower pressure, and segmented RFQ rods allow the creation of a potential well to
trap ions, and rapid switching on these electrodes enable the release of ion bunches.
The RFQ rods use RF backbones to distribute RF capacitively to the RFQ electrodes,

reducing the number of connections necessary outside the RFQ.

5.5 Assembly and Commissioning

Assembly of the Cooler-Buncher followed the design as described in the preceding

sections of this chapter. Fig. 5.13 shows the assembled electrode structure outside of
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Figure 5.12. A schematic of the overall design of the cooler-buncher, from
[131]. The top shows the structure of the electrodes and the differential
pumping barriers, while the bottom gives a sketch of the DC potential with
a sample ion trajectory in grey; on the right, the lower (dashed) line shows
the potential switched to when the ion bunch is released.

the chamber, comparable to the cross-section that can be seen in Fig. 5.6. Once the
assembly of the electrode structure was completed, the wiring of the electrodes and
and associated RF and DC circuitry could be completed.

Electrical connections for the static and RF potentials of the RF(Q electrode struc-
ture could then be made. The RF signal is applied through hollow vented tubes
connecting to opposite RF backbones in y-shaped arms; the wires for the DC signals
are passed through the centers of these tubes. The DC signals are connected to the
electrodes through threaded rods passing through the RF backbone that are electri-
cally isolated from it using ceramic spacers. These signals are brought into vacuum
through a feedthrough flange, with the individual DC signals being applied to the
feedthrough pins, and the RF applied through the flange itself, which connects to
the RF arms but is isolated from the rest of the lid by a ceramic HV break. This
assembly can be seen in Fig. 5.14.

The RF is applied to the flange through a tunable resonant LC circuit. The
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Figure 5.13. Photograph of the assembled internal structure of the
cooler-buncher before the wiring of the electrodes, including enclosed
cooling section, differential pumping barriers for the different pressure

regions, and assembly of the electrode structure including flared injection
RFQ electrodes and diagonally-split cooling region electrodes.
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Figure 5.14. Photograph of wired upstream (right) and downstream (left)
electrode structures, showing hollow y-shaped arms applying RF and wires
passing through these arms applying DC potentials, as well as the flange
and HV break assembly connecting these to air.
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Figure 5.15. Photograph of network analyzer, showing reflection coefficient
in decibels over a range of 2.5 to 10 MHz for the resonant LC circuit. A
resonance can be seen at left at 4.95 MHz, and at right at 5.890 MHz,
identifiable by the significant drop in reflected power when a signal at the
resonant frequency is transmitted. The movement of the resonance was
accomplished by changing the capacitance of the tunable capacitor.

signal from the RF amplifier is sent through an impedance matching transmission-
line-transformer-type balun. A balun is a device for connecting a balanced signal,
where the conductors carry equal and opposite signals, and an unbalanced line, such
as a coaxial cable, where one conductor carries a signal and the other is grounded. In
this case, the incoming signal is unbalanced and the outgoing signal is balanced. Fur-
thermore, as this is a transmission-line-transformer-type balun, it provides impedance
matching between the low-impedance resonant circuit and the 50 {2 impedance RF
signal output by the amplifier, maximizing power transfer and minimizing signal
reflection. The opposite phases from the outputs are connected to identical induc-
tances, which are then each connected to the 2.75” flanges after the HV breaks where
the RF arms are mounted with a tunable capacitor in parallel. The RFQ and capac-
itor provide the capacitive load of this resonant LC circuit. As seen in Fig. 5.15, a
network analyzer was used to scan over a range of frequencies from 2.5 to 10 MHz,

and a resonance was found. The frequency at which this resonance occurs can be
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Figure 5.16. Output of an oscilloscope showing the two opposite phases of
RF signal (blue and yellow lines) applied to the two RF flanges of the
cooler-buncher.

changed by varying the capacitance on the tunable capacitor, which can range from
7 to 1000 pF.

Fig. 5.16 shows the output of an oscilloscope with inputs from the two flanges
with RF applied, where the opposite phases necessary for the creation of quadrupole
field for radial trapping can be seen. For testing purposes, an RF amplitude of
20V, was used, which resulted in an amplitude mismatch of 8% between these two
phases in the test setup. For normal operation, amplitudes of a few hundred volts
will be necessary. Tests of the BECOLA cooler-buncher have shown that optimal
transmission of A/q ~ 40 beam occurs with an amplitude of 100V, and a frequency
of 1.2 MHz [131], but normal operation of the EBIT cooler-buncher has demonstrated
the transmission of isotopes with a range of masses from 35 to 140 using frequencies

of 4 to 5 MHz and amplitudes of several hundred volts [194].
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In summary, a Cooler-Buncher for the N = 126 factory the ATLAS facility of
Argonne National Laboratory has been assembled and tested. The N = 126 factory
will use multi-nucleon transfer reactions to produce isotopes around the N = 126
shell closure that are of great interest for studying the r process but cannot be
produced in sufficient quantities using more traditional production techniques like
particle-fragmentation, target-fragmentation, or fission fragments. The MNT reac-
tion products will be collected in a gas cell, extracted, and then separated into isobars
using a mass separator magnet. A cooler-buncher is necessary to then take this con-
tinuous, fast beam of ions and create bunched, low-energy and emittance ions that
can be trapped downstream. This is done using a buffer-gas filled RF(Q, where the
RFQ provides radial confinement and is segmented to provide for the application
of longitudinal confinement. The design used for the N = 126 factory is the same
as is currently in use at the NSCL before their EBIT, and is based on the design
used for the BECOLA cooler-buncher. This design features several improvements
over previous designs, including separated, different-pressure cooling and bunching
regions, flared injection RFQ electrodes for increased acceptance, and a simplified

RFQ electrode design.
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CHAPTER 6

SUMMARY AND OUTLOOK

Precision measurements in nuclear physics is an active field of study, and is a
critical avenue of research for a wide variety of areas. These include the study of
nuclear structure, the study of astrophysical reaction rates and nucleosynthesis path-
ways, the testing of mass models, and the testing of the Standard Model and the
search for physics beyond it [6]. This dissertation presents my work on three specific
applications of precision measurements.

First presented was a new, high-precision ''C half-life measurement, that I con-
ducted at the University of Notre Dame’s Nuclear Science Laboratory using the
TwinSol facility [105]. The new value, ¢,/ = 1220.27(26) s, is consistent with pre-
vious values, but offers a factor of greater than five improvement over the previous
most precise measurement; the newly calculated world average, t‘l”/ogld = 1220.41(32)
s, also shows a fivefold improvement. This, in combination with other experimental
and theoretical parameters, allowed me to calculate a Ft™™" value that is the most
precise of all superallowed T' = 1/2 mixed mirror transitions, and comparable to the
Ft9" =" values that currently provide the most precise determination of V,4, and
thus the most stringent test of CKM matrix unitarity and the electroweak sector of
the Standard Model.

This result provides a clear motivation to improve the precision on the calculated
d%s — 0f correction, which is now the largest source of uncertainty in the F¢mirrr
value, and for a measurement of the Fermi-to-Gamow-Teller mixing ratio p, which

tmirror

would allow for the determination of V,,; from this F value. Currently, the devel-
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opment of a Paul trap for the measurement of the beta-neutrino angular correlation
parameter ag,, St. Benedict (the Superallowed Transition Beta-Neutrino-Decay Ion
Coincidence Trap), is underway at the University of Notre Dame, which would allow
for the determination of p. Also of interest for the determination of V,4 and CKM
unitarity would be the high-precision half-life measurement of 2P, one of the five su-
perallowed mixed mirror decay isotopes for which p is known and where the half-life
uncertainty is dominant in the uncertainty on V,4. This measurement is also planned
for the Notre Dame S Counting Station, pending developments that will allow for
the clear identification of radioactive contaminants produced with the 2P beam.

The second section of this dissertation presented the high-precision mass measure-
ment of *°Cu that I conducted using the LEBIT 9.4 T Penning trap mass spectrometer
at the National Superconducting Cyclotron Laboratory at Michigan State University
[171]. This new measurement, ME = —38626.7(7.1) keV, is the first published experi-
mental mass for this isotope, and resolves a several hundred keV discrepancy between
previous extrapolated and calculated masses. This was of particular interest because
the mass of *Cu is important for determining the **Ni(p,y) and 5¢Cu(p,7y) forward
and reverse reaction rates, which in turn govern the flow of the rp process through
the *Ni(p,7)*¢Cu(p,7)*"Zn(1)5"Cu bypass of the *Ni waiting point. This new mass
was used to calculate reaction rates, and then a precision network calculation was
run, which demonstrated that the rp process does partially redirect around the *6Ni
waiting point.

To further refine the pathway of the rp process around the °°Ni waiting point,
the new mass measurement and recent low-lying level scheme of °Cu by Ong et al.
[168] should be complemented by the measurement of the higher-lying level scheme
of *Cu and the widths I', and T, for the °Ni(p,y) reaction, the measurement of the
currently-unmeasured mass of *’Zn to determine the *Cu(p,y) and the *"Zn(~,p)

reactions, and a new measurement of the B-delayed proton branch of °"Zn, which
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directs flow back towards *Ni. Recent efforts by Schatz and Ong [67] have run X-ray
burst models while varying input masses by 3¢. This showed three masses (*'P, 51Ga,
and %°As) that have a significant impact on the light curve and ash composition of a
typical H/He X-ray burst, and an additional three (39Zr, 8!Zr, and 82Nb) that have a
significant impact on only the ash composition. A Penning trap mass measurement
of 2’P has been approved at the NSCL as experiment 18002. Furthermore, the
determination of the 3Al(p,y)*!Si reaction rate is also of interest for determining
the rp process light curve; after a recent effort to reduce the uncertainty on this
reaction rate using GRETINA and LENDA at the NSCL [214], the leading source
of uncertainty is the Q value, which is dominated by the mass uncertainty on 24Si.
Experiment 18005 was approved at the NSCL as a Penning trap mass measurement
of this isotope to reduce this uncertainty:.

The third and final section of this dissertation provided an overview of the N =
126 factory, a new facility under construction at Argonne National Laboratory’s
ATLAS accelerator to produce isotopes around the N = 126 shell closure to allow
for measurements of interest in constraining the astrophysical r-process pathway. It
focused on my assembly and preliminary commissioning of the RF(Q Cooler-Buncher,
a key component of the facility that will take the high-emittance continuous beam
extracted from the gas catcher and convert it into low-emittance discrete ion bunches,
allowing for trapping in downstream components. The general design principles of
RFQs was discussed, as well as the specific design used in this device, which was also
used at the NSCL’s EBIT [194].

With the completion of the cooler-buncher, the remaining major elements of the
N = 126 factory are the gas catcher and the multi-reflection time-of-flight mass
spectrometer (MR-TOF). Assembly of the MR-TOF at the University of Notre Dame
is complete, with the completion of commissioning envisioned for the first half of 2019

[182], while assembly of the gas catcher is nearing completion, with commissioning
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expected to begin early 2019. The design of the beamline is ongoing, and completion
of the N = 126 beam factory is planned for the end of 2019, with a mass measurement

campaign using the Canadian Penning Trap to begin shortly thereafter.
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