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Developments in the application of Cyclotron Radiation Emission Spectroscopy (CRES)
towards the precise determination of MeV-scale [S-energy spectra

William Andrew Byron

Chair of the Supervisory Committee:
Alejandro Garcia
Physics

This thesis presents an apparatus for detection of cyclotron radiation yielding a frequency-
based 3% kinetic energy determination in the 5 keV to 2.1 MeV range, characteristic of nu-
clear 8 decays. The cyclotron frequency of the radiating § particles in a magnetic field is used
to determine the 3 energy precisely. The He6-CRES collaboration is working towards com-
petitive sensitivity to tensor currents in the weak interaction via a precise determination of
brier~, which parameterizes Fierz interference. This thesis presents much of the work done to
complete Phase 1 of the He6-CRES experiment, whose overarching goal was to demonstrate
that Cyclotron Radiation Emission Spectroscopy (CRES) can plausibly be used to achieve
a 1072 measurement of bp;.,, via the ratio of °He and *Ne spectra and to discover what
experimental design, analysis, or simulation bottlenecks may hinder such a measurement.
To our knowledge, this is the first direct observation of cyclotron radiation from individual
highly relativistic #s in a waveguide. This work focuses on applying CRES to a precise
measurement of bp;.,.. but it also establishes the viability of the application of CRES to a
variety of MeV-endpoint nuclei, opening its reach to searches for new physics beyond the

TeV-scale via precision [-decay measurements.
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Chapter 1

THEORY AND MOTIVATION FOR ADVANCES IN
PRECISION g SPECTROSCOPY

The study of nuclear 3 decay has played a crucial role in the development of the Stan-
dard Model (SM) of particle physics, which represents one of humanity’s greatest scientific
achievements. Radioactivity was first discovered in the late 1800’s by Henri Becquerel in
uranium, and Marie and Pierre Curie in thorium. A few years later Ernest Rutherford sys-
tematically organized radioactivity into alpha, beta, and gamma, based on their penetration
depth in different materials [97]. Development from Fermi and others over the following
decades revealed that the process of 8 decay was governed by what was deemed the weak
interaction, one of the four fundamental forces of nature. In the late 1950’s, following theo-
retical work by Lee and Yang suggesting the possibility, Wu et. al. confirmed experimentally
that the weak interaction was parity violating by observing an asymmetry in the decay of
polarized %°Co [115]. This discovery shed first light on the peculiar chiral properties of the
weak interaction. In the 1970’s the electroweak theory was developed by Sheldon Glashow,
Abdus Salam, and Steven Weinberg, unifying the seemingly distinct electromagnetic and
weak interactions, and resulting in the 1979 Nobel Prize in Physics. The electroweak theory
predicted the existence of the W and Z gauge bosons, which were both observed experimen-
tally at CERN in 1983. The intimate interaction between the experimental study of the weak
interaction, including the study of 8 decay, and the development of new theory continues to

this day in our current search for beyond the Standard Model (BSM) physics.

In Section of this chapter we present an overview of the basics of the SM with an
emphasis on the charged current weak interaction that governs [ decay and discuss how new

physics would present itself in the weak Lagrangian. In Section[I.2] we discuss the theoretical



context of the Fierz interference term (b, ), the specific low-energy observable we aim to
measure. Section [1.3| covers the current experimental limits on the exotic currents we are
sensitive to via a high precision measurement of bg;.... In Section [1.4] we cover the specific
form of bpye,. in terms of exotic coupling constants for our isotopes of interest (°He and “Ne).
Finally, Section [1.5| provides a brief summary of the motivation for novel developments in

precision (3 spectroscopy.
1.1 Weak interaction in the Standard Model

1.1.1 Standard Model overview

There are four known fundamental forces or interactions that govern our universe: gravi-
tational, electromagnetic, weak, and strongﬂ Each acts with a different strength and on
different length scales. Gravity is at least 36 orders of magnitude weaker than the other
three forces though unintuitively dominates the macroscopic behaviour of the universe due
to the short range of the strong and weak forces (O(107'° m)), and the relative neutrality
of the electromagnetic charge of macroscopic objects like planets and stars.

The SM of particle physics is built with the mathematical framework of Quantum Field
Theory and comprehensively and accurately describes the interactions between all subatomic
particles over a wide range of energies. The SM includes the electromagnetic, weak, and
strong interaction but does not provide an adequate description of gravity. Many textbooks,
such as References [87, 48], provide a detailed account of the SM.

The set of Standard Model fundamental particles, as shown in Figure [1.1 consists of
three generations of quarks (and their associated anti-particles), three generations of leptons
(and their associated anti-particles), the gauge bosons (photon, gluon, W%, and Z°), and the
relatively recently discovered Higgs boson [32]. Spin—% fermions provide the building blocks
for matter within the SM and there are four fundamental interactions between them. As

was stated above, the SM does not provide a satisfactory treatment of gravity. The three

! Technically, one could argue, there are only three in that the weak and electromagnetic are unified into
the electroweak force at high energies.
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remaining forces (strong, weak, and electromagnetic) described by the SM are generated
via the coupling of fermions to gauge fields. The gauge fields are associated with different
local gauge symmetries, meaning the gauge fields are responsible for imposing the local
symmetries within the Lagrangian. As a concrete example, consider a charged particle
coupled to an electromagnetic field. Applying a U(1) gauge transformation (¢p — 1pe’@*(®))
and the appropriate transformation to the potentials leaves the Lagrangian invariant (£ —
L). The gauge bosons of the SM, also called force mediators or carriers, are the quanta of

the gauge fields.

The photon, the quanta of the the electromagnetic field, mediates the electromagnetic
interaction, which is symmetric under U(1) gauge transformations. Similarly, gluons are the
quanta of the strong field and they mediate the strong interaction which is symmetric under
SU(3) gauge transformations. The pattern is broken in the case of the weak interaction
because the weak force mediators (W%, and Z°) are massive and within the framework of a
local gauge invariance, mediating particles must be massless. In this way a pure left-handed
SU(2) gauge theory fails to adequately describe the weak interaction. This apparent conflict
was resolved by Sheldon Glashow, Abdus Salam, and Steven Weinberg, when they developed
a theory that unifies the electromagnetic and weak interactions into an SU(2), ® U(1)
gauge theory, where the L subscript refers to the fact that the weak interaction only couples
left-handed particles. In the electroweak theory there are four fields (Wi(i = 1,2,3) and
B) associated with the un-broken SU(2), ® U(1) symmetry which mix with one another
after the spontaneous breaking of this symmetry via the Higgs mechanism and result in the
photon and the three massive fields (W, and Z°) [55]. The Higgs mechanism explains the
process by which the symmetric, unified electroweak interaction breaks into the two very
distinct interactions we observe today by introducing the Higgs field?] The massless fields
(W(i = 1,2,3) and B) become massive (except for the photon) through the interaction with

2Note that the Wi(i = 1,2, 3) particles have charges (0, 1) and it is only the neutral W* that mixes
with B, the U(1) boson, to generate Z° and the photon. This is why the neutral component of the weak
interaction is not left handed.



the Higgs field. Fermions also interact with the Higgs field through their weak isospin (the
spin associated with the SU(2), ® U(1) symmetry) which gives them mass. The Higgs field
implies an associated boson, the Higgs boson, which until its discovery in 2012 at the Large
Hadron Collider (LHC), represented the last major unobserved component of the model [32].
The SM, outlined above, has been successful in describing almost all experimental particle
physics observations. It’s limitations will be discussed in Subsection [1.1.3]

The proton (uud) and neutron (udd) each consist of three up or down quarks, and
constitute the vast majority of the visible mass in the universe. Bound systems of protons
and neutrons form nuclei and these nuclei bind to leptons (electrons for the most part) to
form atoms. These systems (nuclei and atoms) transform and interact with one another
via the strong or electroweak interactions. In the SM, 8~ (8") decay is described as the
transformation of a down (up) quark to an up (down) quark via the emission of a W~ (W)

boson, which quickly decays into an electron (positron) and anti-neutrino (neutrino).

1.1.2  Charged-current weak interactions in the Standard Model

Precision measurements of 3 decay observables such as nuclear decay lifetimes, F't values,
spectral distortions, and angular correlations are strong probes for physics beyond the SM
since these low-energy observables are readily calculated to high accuracy via perturbation
theory. Here we develop the mathematical formalism necessary to understand how these
observables are calculated and derive the generic Standard Model differential decay rate for
[ decays.

Fermi’s golden rule states that the decay rate I' from an initial state ¢ to final state f is

given by

T = —/|Mif\2dps<3>, (1.1)

where dPS® is the kinematic phase space available to the incoming and outgoing particles,

Mis = (f| Hine |i) is referred to as the matrix element or amplitude, and H;,; is the inter-
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Figure 1.2: The quark level Feynman diagram associated with neutron 5~ decay.

action Hamiltonian governing the interaction [47] [48]. The phase space term depends on
the masses, energies, and momenta of the incoming and outgoing particles and contains the
kinematic constraints of the interaction such as conservation of mass-energy. The intuition
being that how likely a process is to occur scales with the number of kinematically allowed
final states. An extreme example of this is a particle decay where the products outweigh the
particle. In such a case there is no available phase space (given the initial particle is at rest)
and the decay rate is 0. The matrix element M, contains the dynamical, model dependent
information and we calculate it using the Feynman diagrams and corresponding Feynman
rules associated with the interaction. For nuclear -decay, this term specifies the permitted

interactions of the effective weak interaction Hamiltonian H,,;.

We use the effective weak interaction Hamiltonian in Equation because, despite the
weak force acting on quarks at a base level, it is currently challenging to calculate observables
in nuclear # decays using quarks as fundamental fields. Over the next few paragraphs we
will work from the quark level interaction towards an understanding of the effective weak
interaction Hamiltonian. The relevant quark level process for 8~ decay is d — wev,. The

quark level Feynman diagram for neutron 5~ decay is shown in Figure

The propagator associated with the massive W boson is given by



_i(guv - (pupy)/M{%[/)
p* — M, ’

(1.2)

where g, is the metric (g,, = —1, g = 0 for p,v € 0,1,2,3. Except goo = 1), and where
My, the mass of the W boson, is &~ 80 GeV/c?. Since the typical momenta of the particles
involved in 3 decays are at the MeV level (p> < MZ,) we can treat the W propagator as a

constant and simply use

1w

. 1.3
The charged weak vertex factor is given by
—1Gw H<1+’Y5)g (14)

2v2 |
where g, is the weak charge current coupling constant (g, = 0.78), and ~* is the p-th

(= 0,1,2,3) gamma matrix (see Reference [48] or [47] for their explicit definitions), and

5

,y:i,ledO

7?4349, In this thesis we adopt the Weyl representation of the Dirac matrices.
The left-handed projection operator is (1 + 7°)/2 and it’s presence in the charged weak
vertex factor (Equation means that only left-handed charged currents are involved in
weak interactions. Putting together our propagator and our vertex factor, and assuming

p? > M7, we get the following interaction Lagrangian,

Gva’KM

Lint = \}g (@7, (1 4 ~°)d) (Ev* (1 + 7°)ve), (1.5)

where VEEM is the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing matrix which relates
the mass and weak eigenstates of quarks, and G is the Fermi coupling constant for the point

interaction Lagrangian which is defined as

V2g?

Gr =
s,

=1.166 x 107° GeV 2 (1.6)

in natural units. The ‘weak fine structure constant’ is given by



2
Juw 1
Oy = “— R —. 1.7
Y 4m 30 (1.7)
Comparing the electromagnetic fine structure constant (o, = ﬁ) to charge weak interac-

tion fine structure constant we see that, against intuition, the weak fine structure constant is
larger. Equation [1.6] illustrates that despite the larger intrinsic coupling constant, the weak
interaction is weaker (by roughly 3 orders of magnitude) than the electromagnetic interaction
due to the large mass of the mediator. It’s important to note that while g, is dimensionless,
Gr has units of E~2, and this is indicative of the fact that the point interaction theory of
[ decay is not renormalizable. For tree-level calculations of 8 decay, which includes most of
what we are concerned with in this thesis, the Lagrangian shown in Equation [L.5| works well.

Even when using the simplified point interaction Lagrangian of Equation [1.5] it is not
often practical or possible to calculate observables using the quark-level interactions due to
the complications that the strong force within the nucleus introduces. Since quarks are always
bound inside a nucleon via the strong interaction and the energies involved in § decay are
small compared to these strong force binding energies, we instead use the nucleons (protons

and neutrons) as the fundamental fields. Below is the effective field theory Lagrangian:

£ot = GV g )@ (1270 (18)
int NG GvPYuT — APV ) EY Y )Ve)s :

which we can use to make calculations of observables like the decay rate. In the effective
Lagrangian of Equation the form factors gy, and g4 encode the vector and axial-vector
current corrections due to the strong interactions in the nucleons. Note that for the quark-
level Lagrangian of Equation [1.5] we have gy = +1, and g4 = —1, a pure V-A form, but
that this is not true in general once we treat the proton and nucleon as fundamental fields.
In practice the form factors are determined through a combination of experimental and
theoretical efforts. To first order in the up and down quark mass difference squared, gy is
consistent with unity [28]. The fact that the weak vector current is unaffected by the strong

interactions in the nucleus is referred to as the Conserved Vector Current (CVC) hypothesis



[106]. Recent lattice QCD calculations have determined g4 for neutron decay to better than
1%, and to this level there is accordance with the most up to date experimental value of
—1.2723 4+ 23 [10), 82]. The fact that the value of g4 only deviates marginally from —1, is
referred to as the partially conserved axial current (PCAC). In general it is not guaranteed
that g4 for other nuclei is the same as the g4 observed for neutron decay, but in the case
of light nuclei like °He, where the two-body currents and nuclear structure are simpler, the
value of g4 is consistent with the neutron value [6§].

Now we can use our Lagrangian from Equation and Fermi’s Golden Rule (Equa-
tion to work towards the generic Standard Model differential decay rate for 5 decays.
Note that the interaction Hamiltonian in Equation is given by: Hin = —Ei{f . We

refactor the matrix element (M;; = [ (f|Hint i) d*x) into leptonic and hadronic currents,

as

GFVUCC'IKM
V2

where Jy, and .J ¢ ., are respectively referred to as the vector current and axial current because

of the operators they contain (the N subscript indicates nucleon) and J/* is referred to as the

leptonic current. Their specific forms are,

Jft = (ev] e(z)y" (1 +°)ve(x) 10) (1.10)
I = (fl gvp(z)ym(z) i) (1.11)
Jf,u = (f| gAﬁ(x)yﬂfue(a:)n(x) |7) . (1.12)

The leptonic current (Equation [1.10)) represents the transition from vacuum to the out-
going electron and anti-neutrino and looks similar for the case of 8% decay. The initial and

final states of the vector current (Equation [1.11)) and axial current (Equation [1.12)) are the

nuclear states of the parent and daughter nuclei.
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The final lepton states are taken to be plane waves such that the state’s x dependence is
given by exp(i(p. + p,)z). Since  decay provides at most MeV scale energy to the leptons,
the lepton wavelenghts are O(100) times larger than the size of the nucleus and therefore the
approximation exp(i(p. + p,)x) ~ 1 is appropriate. This implies that the leptonic current
can be pulled out of the integral in Equation (1.9,

The integrals of Equation [I.10] and Equation can be completed by utilizing the fact
that both the parent and daughter nucleon kinetic energy is small compared to it’s mass. We
quote the final form in the limit that the O(v/c) terms go to zero here (see Reference [57]

for a detailed derivation of these integrals),

lim Iy e = (1.13)
O(v/c)—0 0 = 17 2.3
0 =70
li J& dPx = 1.14
opm, | nd (1.14)

2V MM, Mgr p=1,2,3

where M; and M, are respectively the masses of the parent and daughter nuclei, and Mg
and Mgr are respectively called the Fermi and Gamow-Teller matrix elements. Nuclear
decays involving purely vector currents are called Fermi decays and those involving purely
axial currents are called Gamow-Teller decays. Decays involving both currents, such as for
neutrons and *Ne, are called mixed decays.

These two different types of decays have different selection rules. For Fermi decays
AJ = 0 meaning that the parent nucleus cannot undergo a spin flip. For Gamow-Teller
decays AJ = 41,0 but not J = 0 — 0. These selection rules result in the |ev) final lepton
state either coupling to the singlet S = 0 state (Fermi) or the triplet S = 1 state (Gamow-
Teller). They can mathematically be understood by the fact that in the non-relativistic
approximation the vector currents do not contain the Pauli spin operators, while the axial
currents associated with the Gamow-Teller decay do contain Pauli spin operators, which

allows them to instigate a nuclear spin flip transition.
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The matrix elements shown in Equation [I.13]and Equation only include the leading
order terms and as such are only approximately correct. For meaningful comparison to high
precision measurements, higher order corrections (radiative, recoil, etc.) must be accounted
for. These corrections are discussed in Subsection [[.2.3]

Combining our above results, we obtain the (leading order) Standard Model differential

decay rate,

d3p e d3p v dsp f

dr =
27)32E, (27)32E, (27)32E;

(1.15)

1 2 4
il (2m)* 6 (p; — py — pe — Do
QMi|Mf|(7T) (pi —pr—p p)(

where /¢ and py are the energy and 3-momentum of the daughter recoil nucleus. The matrix

element is given by

CKM

V2

In Subsection [1.2.1] we will discuss how to derive the shape of the g decay spectrum from

Miy (9v Mpey" (1 +7°)ve — gaMarer* (1 +7°)ve), k=1,2,3.  (1.16)

the generic decay rate of Equation [1.15]

1.1.3 Charged-current weak interactions beyond the Standard Model

The SM has been extremely successful in describing the vast majority of modern experimental
observations but we know it has shortcomings and it is sensible to think it will someday be
superseded by a more complete theory of particle physics. The SM does not properly explain
gravity, it does not account for dark energy or matter, and it does not explain the origin
of the neutrino masses. In addition, there are mounting discrepancies between experimental
observations and the Standard Model, for example the Muon g-2 experiment measured a
value for the positive muon magnetic anomaly in 2021 that is 4.20 from the SM prediction [IJ.
There are also nineteen free parameters in the SM (excluding the neutrino masses and mixing

angles) such as the CKM matrix, the mass of the Higgs, and the coupling of the Higgs for
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which we rely solely on experiment, and it is hoped that a more advanced theory will explain
the particular values of at least some of these parameters [47, 86].

The field of particle physics is currently driven by symbiotic experimental and theoretical
efforts. On the one hand theorists are working to propose deeper theories and articulate the
experimental observables associated with these new theories. On the other hand, experimen-
talists are working to detect or measure the observables associated with the best motivated
theories. In the absence of a novel observation, these experimental efforts put important
constraints on the parameter space of possible theories, thus feeding back into and directing
the theoretical efforts.

The experimental effort described in this thesis fits into this framework by searching for
signatures of new physics via the precision measurement of 5 decay spectra. As was stated
above, calculations of § decay observables can be calculated accurately with perturbation
theory and therefore precise measurements are easily compared to accurate SM predictions.
In the following paragraphs we present the theory necessary to understand how physics
beyond the SM would influence 3 decay observables.

We begin with a phenomenological (model independent) approach and write out all pos-
sible weak currents. In Subsection we discussed that the charged weak current in the
SM is purely (V-A) in nature, but in general there are other currents that could be present
at small levels being introduced by new physics. There are five irreducible bilinear forms
allowed by Lorentz invariance, each with an associated current. With these five forms we
build the most general form of the weak interaction Hamiltonian (originally written as such

by Jackson, Treiman, and Wyld in Reference [61]),

1oV =" (pO')((Cs + OOkt + (C; — C))Ow}) (1.17)
i=V,A
H = 3" (pO)((C; + CHEtOvt + (C; — OOl (1.18)
i=S,T,P

where the L and R superscripts indicate the handedness (chirality) of the lepton field, the
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C;s are coupling constants, and the operators O;s are

Os=1, Op=+°", Oy = Yy Oa = i’y,;y‘r’, Or = —i(v, v — 'YV%)/(Qﬁ)- (1.19)

The currents (pOn) corresponding to each operator are respectively referred to as scalar,
pseudo-scalar, vector, axial (or equivalently pseudo-vector or axial-vector), and tensor cur-
rents. See Section III of Reference [57] for a full derivation of the generic interaction Hamil-
tonian of Equation and Equation and see Chapter 9.7 in Reference [47] for a more
detailed treatment of the chiral properties of the weak interaction.

Within the SM there are well defined constraints on the coupling constants:
o Cy =Cy and Cy = (.

e (y and Cy are real.

e Cs=0C,=Cr=CL=Cp=0Cp=0.

From the above constraints and Equation [1.17], and Equation [1.18 we see that the SM
weak interaction contains only vector and axial currents, has maximal parity violation, and
only includes left handed leptons. The values of Cy and C4 relate linearly to the cou-
pling constants gy and g4 presented in Subsection m (see Reference [20] for the explicit
relations).

The chiral components of a dirac spinor are obtained via the application of the left and

right projection operators,

=Py + Prip =" + 98, Prp=(1£7°)/2. (1.20)

The chiral properties of the different currents of Equation [1.17 and Equation [1.18| orig-
inate from the way a projection operator commutes through the current [57]. From Equa-

tion and Equation we see that vector and axial currents couple only like-handed
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states whereas scalar, tensor and pseudo-scalar currents exclusively couple states of opposite
handedness.

In the same way that the SM nuclear matrix elements were calculated in Subsection [I.1.2]
(see Equation and Equation , they can be calculated for the non-SM currents. In
the non-relativistic limit, where terms of O(v/c) are taken to zero, we find that the leading
order matrix element for the scalar current is identical to that of the vector current (Mp)
and that the leading order matrix element for the tensor current is identical to that of the
axial-vector current (Mgr). Intuitively, this can be understood as arising from the fact that
the axial-vector and tensor bispinor representations in the low energy limit contain spin
operators of nucleons (Pauli matrices) and are thus able to cause a nuclear spin flip, while
the scalar and vector currents do not contain spin operators of nucleons and so cannot cause
a nuclear spin flip. A detailed derivation can be found in the Appendix of Reference [57].

In practice this means that precision measurements of Fermi (Gamow-Teller) channel /5
decay observables provides sensitivity to vector and scalar (axial-vector and tensor) currents.

These relations are summarized in Table [I.11

Fermi | Gamow-Teller

relate same handed leptons (SM) Vv A

relate opposite handed leptons (possible new physics) S T

Table 1.1: Summary of vector (V), axial-vector (A), scalar (S), and tensor (T) currents in

terms of their chiral properties and which channel of 5 decay is sensitive to them.

The leading order term of the pseudoscalar current is of O(v/c) so low energy [ decay
experiments have suppressed sensitivity to such currents. Recent calculations have shown
that gpg is surprisingly large (= 350) and thus this partially overwhelms the O(v/c) suppres-
sion factor [43]. Despite this concern, there are already strong constraints on pseudoscalar

currents imposed by pion decay experiments and therefore we are justified in neglecting their



15

presence in the majority of this thesis [108].

The generic 5 decay Hamiltonian presented in Equation and Equation sheds
light on the types of decays that provide sensitivity to specific currents in a model indepen-
dent way. In the context of the discussion at the beginning of this Subsection, it is worth ask-
ing if there is a theoretical basis for searching for new physics in the form of chirality-flipping
interactions (scalar and tensor currents) in the weak interaction. Many models proposed to
supersede the SM such as supersymmetric models, grand unified theory models, and left-right

symmetric models all naturally produce chirality-flipping interactions [8) [56] [73, [92] 00].

e 4

Figure 1.3: Example Feynman diagrams of effective chirality-flipping interactions in models
beyond the SM. Top: leptoquarks suggested by grand-unified models with electric charge of
+2/3 on the left and —1/3 on the right. Bottom: loop diagrams suggested by supersymmetric
models: 1, J, [ represent squarks and sleptons, while the y represent charged and neutral

supersymmetric particles. This figure is taken from Reference [90]).

Examples of Feynman diagrams of such hypothetical interactions are shown in Figure|1.3]
Recent reviews covering the motivation for the presence of exotic currents in the weak inter-

action are given in References [211 [107, 45, [103].
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1.2 Energy spectrum and bp;.,.,

1.2.1 Energy spectrum

We now want to work from the most general decay rate expression shown in Equation [1.15

_d_F)

= g )- We only care about the

towards the expression for the energy spectrum (W (E,)
electron energy spectrum so we begin by integrating over d®p, and E,, which results in an

expression for W(E,, ., €,). See Chapter 9.3 of Reference [47] for the details of the algebra.

dl’
WEe e ) = Gp d0.aa,
My P 1 E.p.E?
— I 0m)5 16 M BB, E, 1 + (E,, + pecos(0s,)) /M, (1.21)

where 0g, is the angle between the momenta of the outgoing 8 and neutrino. The neutrino

energy F, in Equation [1.21]|is constrained by conservation of energy-momentum,

E, = —(pecos(8s,) + M) + \/(pecos(%y) + M,)? +2(M; — M, — E.)M, — p2, (1.22)

and the energy of the recoil ion is then,

E, = \/Mr2 + (Pe + pu)? (1.23)

The energy released in § decay is O(1 MeV) and the mass-energy of even very light initial
and final nuclei is O(1 GeV), so we can further simplify the expression of Equation by
taking M;, M, — oo while maintaining M; — M, as the energy available to the 3 decay.
This limit effectively reduces the 3-body phase space to a 2-body phase space. In this limit

E, ~ M, which means that the neutrino energy reduces to

E,~M,— M, —E, (1.24)

and so W (E.,Q.,Q,) is reduced to
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1
(27)516 M, E.E, E,

W(E., Q. Q) = |M;;? E2 — m2E,(M; — M, — E,)?, (1.25)

where we have used the relation p, = \/E? — m2.
Next we integrate over all outgoing angles of the leptons (electron and anti-neutrino),
then we average over the initial nuclear spin states and sum over the helicities of the outgoing

leptons. This results in the S-energy spectrum (without any higher order corrections),

a1
dE, — (27)3

E? — m2E,(E, — E.)%€(1 + bF%) (1.26)

W(E,) =

where Fy = M; — M,, and £ and bp.,, are functions of the nuclear matrix elements and
coupling constants in the nucleon level charged weak Hamiltonian[47, [48] 57]. The exact form
of & and bp;.,. will be discussed in Subsection [1.2.2] The 16M;E.FE, FE, in the denominator
of Equation is cancelled by the normalization factors of |Ms|?. The form of W(E.)
shown in Equation [1.26] is naive in that it lacks any correction factors. The correction
terms necessary to meaningfully compare a 3 spectrum with 1072 relative uncertainty to the

Standard Model are presented in Subsection [1.2.3]

1.2.2  Fierz interference term

The term bpierzg—: is referred to as the Fierz interference term because it arises from the
cross terms between the SM currents (V,A) and the beyond the Standard Model (BSM)
currents (S,T) and therefore in the SM bgjer, = 0 (no exotic currents in SM). As will be
illustrated, precise measurements of bp;e,, are a powerful probe of new physics because bpje;»
is linear in the exotic coupling constants (C's, Cr). This is in contrast to many other 3 decay
observables, such as the 8 — v angular correlation (ag,) for example, that are quadratic in
the exotic coupling constants and are therefore significantly less sensitive to their presence.
Progress towards a 1072 measurement of bp;.,. via a novel experimental technique is the

main topic of this thesis.
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When evaluating |M,s|? in order to make the step from Equation to Equa-
tion [L.26] we take the product of the transition matrix element and it’s hermitian conjugate
(f| Hint 12) (f] M |2) where H,y, is generically given by Equation[l.17 and Equation [1.18][57).
The self-interacting terms such as (f| H2 , |i) (f| 1), |i) for j =V, A, S, T give rise to the &

term in Equation [1.26| where £ is,

¢ =IMp*(ICs|* + |Cv[* + |C|* + |Cy )

+|MarP(ICr|? + |Cal® + |CF* + |C4[?).

(1.27)

Cross terms, or interference terms, of the form (f| M\ |i) (f| HoT* |i) give rise to
the Fierz interference term in Equation [L.26] [57, B35]. As SHe is experimentally one of our
main isotopes of interest, we consider Gamow-Teller decays so that only axial and tensor
currents contribute. We set the neutrino mass to zero, meaning that any term that involves
neutrinos with both chirality states will vanish because one of the two chiral projections will
result in a zero. Substituting the form of the interaction Hamiltonian (Equation and

Equation [1.18]) into the interference term, the resulting non-zero terms are,

(Cy 4 C')(Cr 4 CL) (fi| €0 4vF |ir) (iy] 7 Orpe® | f;) x (hadronic current)
+(Ca — C)(Cr — CL) (fi| eR0av i) (it] . ROre™ | f;) x (hadronic current) (1.28)

+h.c.

where (i;] and (f;| are the initial and final lepton states respectivelyf’| and h.c. stands for
the hermitian conjugate. Notice that regardless of the helicity of state (f;] in Equation m,
there will be a projection of both e® and e’, meaning both the left-handed (m) and
right-handed (M) amplitudes will be projected out. This means that regardless of
the specifics of the coupling constant algebra, all terms in Equation [1.28 will be proportional

to

3For our case of interest (8 decay) (i;| = (0|, the vacuum state.
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Me

\/1 - pe/Ee\/l +pe/Ee = \/1 - (pe/Ee)2 = B

(1.29)

me

The same i3

< is present in a pure Fermi decay where only vector and scalar currents are
allowed. The complete expression for bg;.,.. is obtained by summing over the final electron
helicity, and calculating the leptonic and hadronic matrix elements in the non-relativistic
limit. See Section IV of Reference [57] for a more detailed treatment. We find that bpje,, is

given by,

bpierzE = £2(|Mp|*(CsCy + CLCY) + |Mar|*(CrCa + CRCY)) (1.30)

where the C; coefficients are taken to be real (no time reversal violation), Mgr is the reduced

matrix element common to the Mg7;’s (i = 1,2, 3), and the upper (lower) sign applies to 5~

(BT) decay.

1.2.3  Energy spectrum corrections

For a high precision extraction of bp;.,. from the 3 spectrum, several higher order corrections
must be applied to the S-energy spectrum W(E.) shown in Equation [[.26] There are in
principle many ways to classify and organize these effects but we follow the conventions
established in References [52] and [51]. The three largest effects that must be accounted for
in order to reach our current target bpj.,. precision of 1073 are the Coulomb, radiative, and
recoil effects which are discussed below. See Reference [52, 51] for a complete overview of
important spectral corrections.

To correct for the distortion of the wave function of the outgoing [s caused by the
Coulomb field of the daughter nucleus to order « (the fine structure constant), the uncor-
rected energy spectrum is multiplied by the Fermi Function F(£Z, E.) (upper (lower) sign
applies to 8~ (81) decay) [114],

2(1+ )

F(*2.E) = tarasy

(2pep)* 2™ (0(S + )2, (1.31)
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Figure 1.4: Feynman diagrams corresponding to the order-a radiative corrections (single
photon or virtual photon). The top three diagrams involve virtual photons and the bottom

two involve real photons. This figure is taken from Reference [52].

where S = 1 —a?Z?% v = aZE,/p., and « is the fine structure constant, Z is the proton
number in the daughter nucleus, and p is the radius of the nucleus. The Fermi function
represents a 1 — 2% energy dependent correction over the beta spectrum. See Section IIT of

Reference [52] for an in-depth description of the Fermi function.

The Coulomb effect, accounted for by the Fermi function of Equation [1.31] is not the
only quantum electrodynamics (QED) process at play as the f-particle exits the nucleus.
There are also photons, real and virtual, being emitted and exchanged and their effect on the
[-energy spectrum are generically referred to as radiative corrections. There is a distinction
made between inner radiative corrections, which are fundamental to the weak interaction
and are often incorporated into the effective coupling constants, and the outer radiative
corrections, which are energy and nucleus dependent. We are primarily concerned with the

outer radiative corrections as these are what differ between He and *Ne, our decays of
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interest.

Outer radiative corrections are further differentiated based on how many photons (real
or virtual) are involved in their Feynman diagrams. Order-a corrections to the tree level
interaction involve a single photon, order-a? corrections involve two photons, and so on.
Figure illustrates all of the order-a Feynman diagrams. The top three diagrams involve
virtual photons and the bottom two involve real photons. Typically the real photons are
broken up into soft photons, which are very low energy and are hard to distinguish from fSs in
experiments using standard solid state detectors, and hard photons, which are higher energy
and could be vetoed. In a CRES experiment (introduced in Chapter |3)), only s are detected,;
there is no risk of misidentifying a low energy photon as a . Therefore we must account
for both soft and hard real photons in the g spectrum used in our Monte Carlo calculations.

See Section V of Reference [52] for a complete description of the radiative effects.

Recoil order terms account for the finite size and mass of the nucleus. The derivation of
the uncorrected [ spectrum of Equation assumed infinite nuclear mass (M;, M, — o0)
and infinitesimal physical extent, both of which are only approximately true. Attributing a
finite mass to the nucleus turns the two-body kinematics to three-body kinematics and effects
not only the energy of the leptons but also the Coulomb effect itself now that the charge of
the nucleus is not taken as static. Accounting for the finite size of the nucleus necessitates
corrections on the S matrix as the nuclear potential is no longer a simple J-function. See

Section IV of Reference [52] for a full treatment of the recoil order effects.

Correctly accounting for the Coulomb, radiative, and recoil effects described above is suf-
ficient for a 1073 measurement. However, Hayen et al. ([52, 51]) provide a python implemen-
tation of their fully corrected beta spectra (https://github.com/leenderthayen/thecobs)
that should account for corrections to the 10~* level. We use these fully corrected spectra
(via their GitHub repository) in our Monte Carlo simulations (see Chapter [5) so that as
corrections are updated or reconsidered our simulation efforts will be relatively effortlessly

up-to-date and as precise as the current nuclear theory allows.


https://github.com/leenderthayen/thecobs
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1.3 Experimental limits on exotic currents

Observables such as the decay lifetime, angular correlation coefficients, and the shape of the
p-energy spectrum (as we are specifically interested with in this thesis) have been measured
experimentally for the neutron and for various nuclei since the late 1950’s and these mea-
surements provide constraints on the strength of scalar and tensor couplings in the weak
interaction. Reference [20] provides a detailed overview of the best aggregated and single-
experiment limits on exotic currents set by low energy measurements and compares these
limits to those set by the high energy experiments of the LHC. More in depth reviews of
the low energy experiments and their corresponding constraints on exotic currents can be
found in References [108, [103]. In order to meaningfully compare the limits set by the high
energy LHC experiments to the low energy experiments, a shared renormalization scale must
be chosen because the quark-level effective coupling constants are, despite their name, not
truly constant but do dependent on the energy scale chosen [20]. A renormalization scale
of 2 GeV was used in Reference [20] used when quoting limits on all coupling constants.
Equation 2.17 of Reference [20] provides the complete set of linear relationships between the
quark-level effective theory coupling constants (¢; for i € V, A, S,T) and the nucleon-level
effective theory coupling constants (C; for ¢ € {V, A, S, T}, as seen in Equation and
Equation . But for the exotic tensor and scalar couplings we are most interested the

relevant relations are,

Cr +Cl,
- = 1 1.32
v 8Cvgr (1.32)
Cg + O{g
=2 "o 1.33
s 2Cv gs (1.33)

where the difference in the constant factor in the denominator is due to convention. Currently
the best constraints on the scalar coupling €g = (1.441.3) x 1073 arises from 0" — 0T nuclear
beta decays [49]. The best experimental bounds on the tensor coupling e arises from the

study of radiative pion decay 7™ — eTv,y. The 90% Confidence Level (CL) experimental
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constraint from this study (evolved to 2 GeV as discussed above) is,

—1.1 x 107% < Re(er) < 1.36 x 10~ (90% CL). (1.34)

We focus the majority of our attention on the tensor currents as our current decays of
experimental interest are ‘He (Gamow-Teller) and Ne (mixed) so we are more sensitive to
the presence of tensor currents than scalar currents. As noted in Reference [20], though not
currently competitive with the best limits, high precision measurements of bg;.,, in nuclear
[ decay could prove to beat the current best low energy limits shown in Equation [1.34] Fig-
ure shows the effective coupling constant g7 limits associated with a 10™® measurement
of bpicrs-

The BSM physics probed by low energy precision measurements can also be probed
directly at high-energy colliders in a model independent way by assuming that the mediators
of the new physics remain point-like at the TeV-scale energies of the Large Hadron Collider
(LHC). In Reference [II] bounds for egr are derived by analyzing LHC data in the pp —
ev + X channel at /s = 7 TeV and 1 fb™! integrated luminosity. In Reference [22], the
analysis has been extended further, including all non-standard couplings with integrated
luminosity of 5 fb~! using both pp — ev + X and pp — eTe~ + X channels.

The pp — ev+ X channel provides direct information about the weak interaction because

the parton-level process is ud — ev. The transverse mass of the lepton pair is defined as

mr = \[2B5B5(1 — cos(Ad,)). (1.35)

where ET and EI" are the transverse momenta of the outgoing electron and anti-neutrino
and A¢,, is the angle between the leptons in the transverse plane. At large my the SM
background goes to zero while the presence of exotic currents would produce events and
therefore an excess could be detected or the lack of one can be used to put a limit on the
exotic coupling constants.

For massive mediators the propagator is proportional to 1/(¢*> — M?) where q is the
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Figure 1.5: Current and projected 90% CL allowed regions for Re(eg) and Re(er). The
horizontal green band limit is provided by existing bounds on bp. The red (inner) and blue
(outer) bow-tie shaped regions are projected limits from 10~ measurements of b in neutron
decay. The vertical ocher band is from a (projected) 10™% measurement of bgr in SHe. The
left panel shows the limits given conservative ranges for gg and gr. The right panel shows the
constraints when the scalar and tensor charges are taken from recent, more precise, lattice
QCD work: g5 = .8(4) and gr = 1.05(35). The effective couplings esr are defined within a

2 GeV renormalization scheme. This figure is taken from Reference [20].
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Figure 1.6: Projected 90% CL allowed regions for Re(es) and Re(er) from S decay mea-
surements and the LHC at /s = 14 TeV. The low energy constraints correspond to 1073
measurements of b, B in neutron decay and b in He under two different scenarios for the
lattice QCD uncertainties in gg7r. The blue curve is an aggregation of the measurements
show in the right side panel of Figure See the text for details on how the LHC limits are
obtained. The effective couplings e€sp are defined within a 2 GeV renormalization scheme.

This figure is taken from Reference [20].
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four-momentum of the propagator and M is the mass of the propagator. In low energy
experiments, as was discussed earlier, the propagator is therefore proportional to 1/(M3,)
and at the LHC, because m3 ~ ¢* and TeV > MeV, the propagator scales as 1/(m%). If we
assume that the scale of the propagator associated with the new physics (NP) My is much
larger than the TeV energy scale of the LHC, then in either the low or high energy case the
NP propagator goes as 1/(M%). This means that the ratio of the NP propagators to the SM

propagators for the two cases is given by,

M2 2
Propagator Ratio (NP/SM): 3 decay ~ —4-, LHC ~ m—g (1.36)
M M

The m?2 in the numerator of Equation explains how the LHC experiments obtain
better limits on exotic currents with higher energy collisions. They can also improve their
limits by increasing the luminosity of the beam, which increases the statistical power of the
measurement in the high my region.

The projected constraints on the effective coupling constants egp for the LHC and low
energy experiments are compared in Figure [65]. This figure illustrates the impact of
the uncertainty of the tensor and scalar form factors for nucleons gsr on the limits set by
low-energy experiments. The uncertainty on these form factors will likely decrease further
as theoretical calculations improve. The LHC limits shown in Figure [1.6| represent the
best possible limits the LHC can set, and low-energy experiments at the 1073 level are still
competitive, illustrating the important and complimentary role such low-energy experiments

play in the search for new physics in the weak sector.

1.4 Fierz term bp;.,, for *He, 1 Ne

The medium-term (Phase 1) goal of the He6-CRES experiment is to measure a ratio of Ne
and %He 3 decay spectra, as will be discussed in detail in Chapter [3l Many systematics will
cancel in the ratio but since ®He is a 3~ decay and ®Ne is a 3% decay they have the opposite

sign for bpye,, (see Equation [1.30]) and so the ratio of spectra is sensitive to a non-zero by .
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However, since 1°Ne is a mixed decay and %He is a pure Gamow-Teller decay, the form of
their respective Fierz interference terms is different.

Here we derive a relationship between bpje,.(*Ne) and bpje..(°He) which we will use to
derive the limits on exotic current coupling constants set by a ratio of their spectra. We
begin with the expression for bg;.,.. given in Equation and Equation and we make
the SM assumptions that Cy = Cf,, Cy = (', and that Cy and Cy are real. We also
use the relations between the quark-level coupling constants and the nucleon-level coupling
constants provided in Equation and Equation m [20]. We also assume the second
order tensor and scalar terms in the denominator can safely be ignored. This leaves us with
the following form for bp;e,.:

+2(|Mp|*gsesCy + 4 Mar|*grerCyCa)

briors — . 1.37
F MR PO + [Mor PR (1.37)

Now we define two relations to further simplify:

A= (1.38)
M,
p= )\||]\;FT||, (1.39)

Next we divide both the numerator and denominator of Equation through by
|Mp|?C%, resulting in the simplified, generic expression |78, [11]:
+£27(Z)(gses + 4p%grer/A)

b ierz — ) 1.40

where we have added the radiative correction v(Z2), defined as

WZ) =1+ (aZ)?, (1.41)

where Z is the proton number of the daughter nucleus and « is the fine structure constant.

The longer-term goals of the He6-CRES experiment include measuring bg;.,.. for He (87,
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pure Gamow-Teller), 1*O (3%, pure Fermi), and Ne (87, mixed) individually because there
is a simple relationship between their Fierz interference terms. We obtain this simple relation
by noticing that in Equation [1.40, p — oo for pure Gamow-Teller decays and p = 0 for pure

Fermi decays which implies:

bFierz(ﬁHe)
——= =38 A 1.42
Lo 5 = Serar/ (1.42)
and
bFieTz(14O)
22 9 . 1.43
v(Z =7) €595 (1.43)

Using the above relations and Equation [1.40] we obtain the following relationship between
the Fierz interference terms for the three isotopes,

b ierz(MO) b ierz(6H)
bFierz(lgNe) . Fw(Z:’?) - p(19N6)2 F’y(Z=3)e

WZ=9) I+ p(""Ne)?

(1.44)

We use the p(*"Ne) calculated in Reference [78], p(**Ne) = 1.5995(45). Our collaboration
would ultimately like to measure all three of these isotopes, as the relationship of Equa-
tion provides a powerful systematic check and the potential for strong single-experiment
limits on e and eg. However, as was discussed in Section there are already limits on
€s at the level of 1073 [49] and the form of Equation suppresses the scalar term coming
from bpyer. (140) by p? ~ 2.56. Therefore, for this thesis, we assume the contribution from the

brier-(1*O) term can be neglected which leads us to the following (approximate) relationship:

(Z=9) p(*Ne)’
W(Z =3) 1+ p(""Ne)?

bFierz(lgNe) ~ —.7204 bFierz(6He)>

bFieTz(lgNe) ~ — bFie'rz (GHG)

(1.45)

which holds at the 1073 level. The relation of Equation is what is used to relate

brier-(°*He) and bpie..(*Ne) in Monte Carlo simulations of the ratio measurement in the
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remainder of this thesis and is sufficiently accurate for the first phase of the He6-CRES

experiment.
1.5 Summary of theoretical motivation

In summary, precision measurements of low-energy observables probe the existence of be-
yond the standard model (BSM) interactions at high energy scales through forces mediated
by the exchange of virtual particles with large masses. Beta-decay spectroscopy provides
high intrinsic sensitivity to chirality-flipping interactions not included in the weak sector of
the Standard Model of particle physics [20, [43]. Crucially, distortions to the /5 spectrum
depend linearly on BSM scalar and tensor couplings via a characteristic Fierz interference
term. Measurements of the Fierz parameter, bp;e,., at the part-per-thousand level probe new
physics at O(10 TeV) [11], 33, 19].

The experimental need for precise [-decay and conversion-electron spectroscopy goes
beyond searches for scalar and tensor currents: it also yields the shortest path to resolving
ongoing questions regarding solar and reactor neutrino spectra [53, 102, 50} [4] [6], [72]. Due to
the simplicity of the driving operators, beta spectroscopy can also be used as a powerful tool
to explore nuclei far from stability [74] or to help understand stellar nucleosynthesis [25].
High-resolution conversion-electron spectroscopy can also be valuable for identifying shape
coexistence or other interesting nuclear-structure phenomena [38]. For a concise overview of
precise [-spectroscopy experiments, see Section 1.5 of Reference [59].

As such, substantive improvements in electron spectroscopy have far reaching effects in
the search for new physics and compliment the findings of high energy experiments at the
LHC for a fraction of the cost. The development and first-ever application of a technol-
ogy called Cyclotron Radiation Emission Spectroscopy (CRES), towards precise O(MeV)-
endpoint 3% decay spectroscopy is the topic of this thesis.
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Chapter 2
OVERVIEW OF THE CRES TECHNIQUE

Traditional spectroscopy technology using semiconductor or scintillator detectors [105],
99, 89, 37, [76], 11T, 58, [36] that rely on /5 energy loss in matter have percent-level corrections
due to 5 (back-) scattering and bremsstrahlung losses. Novel technologies such as neutral
atom and ion traps have been employed to reduce these effects, some reaching 0.3% precision
in parameters of the angular distribution [46] 14 2, 34]. Alternative technologies such as
superconducting spectrometers [71] and new ion traps [83, [104] are being developed and have
shown the potential for similar precision capabilities [39, 109, [15].

By contrast, Cyclotron Radiation Emission Spectroscopy (CRES) [75], initially developed
by the Project 8 collaboration [5], B0] for the measurement of the absolute neutrino mass
scale from f-decay spectroscopy of tritium (8~ endpoint &~ 18 keV), is a promising avenue
for low-background and high-resolution (6E/E ~ 1073) beta spectroscopy. CRES also has
the unique property of having identical response functions for 3% decays, unlike solid state
detectors which have very different responses for positrons and electrons. This chapter will

provide an overview of the CRES technique.

2.1 Simple description of CRES

CRES determines the kinetic energy (FEjy) of a particle with mass m and charge ¢ by mea-
suring the frequency of the cyclotron radiation emitted in an external magnetic field with

magnitude B, both of which can be determined to high precision [15].

-l B _ld B _ (2.1)

T 2rym 2nm+ B/

Note that v = Z; =1+ E(’;. We use v as a proxy for the total energy (E) throughout the text.

me2 T m
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The cyclotron orbital frequency f. for relativistic electrons at MeV energy scales in a
O(1 T) field is O(10 GHz) and the radiation can be detected by a radio frequency (RF)
receiving antenna. Because the energy is determined via a frequency measurement, which
can easily be made with high accuracy with existing hardware, the CRES technique offers
a substantial advantage in energy resolution for individual decay electrons. The frequency,
and therefore energy, is determined within a millisecond of the electron’s appearance, when
only a negligible amount of kinetic energy (O(1 eV)) has been lost to radiation. We utilize
gaseous radioactive sources (limited to ®He and "Ne in this work) which are transparent
to the emitted microwaves. Gigahertz cyclotron frequencies imply that any electron orbit
leading to wall collisions will end within nanoseconds. Because the electron will lose all of
its kinetic energy within nanoseconds after wall collisions and CRES signals must persist for
hundreds of microseconds to be detected, electrons which collide with the walls will yield no
measurable signal or contribution to background. This also implies that external radiation

causing reactions on the walls (such as Compton Scattering) don’t create background signals.
2.2 Characteristics of CRES electrons

In order to differentiate a CRES electron from the RF noise floor the electron must be
observed for several milliseconds. We define the pitch angle 8 of the electron to be the angle
between the electron momentum p, and the main magnetic field direction (2). Even low
energy, O(10 keV), electrons with a pitch angle of 89° (would) travel O(10® m) in 1 ms. This
means that without axial trapping, essentially all electrons will collide with the windows of
the ~ 10 cm long decay cell (which is itself an RF waveguide) before being detected.

In order to achieve the necessary measurement times of several milliseconds, a weak
harmonic magnetic trap is produced with a coil of opposite polarity to the main magnetic
field. The specific implementation details of the He6-CRES magnetic trap can be found in
Section and more exact equations of motion of the electron in the trap are discussed in
Chapter [} We begin with a discussion of the dynamics given an ideal harmonic trap. The
field strength along the central axis (B,) can be approximated by,
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Figure 2.1: Sketch of axial component of B field versus z for a typical magnetic trap. The
axial component of the electron momentum decreases to zero as the magnitude of the field

mcreases.

1 d*°B

B.—By(1+~%2
“( B, 42

z:oZ2> : (2.2)

Figure [2.1) shows a sketch of the magnetic field intensity in the axial direction B, as
a function of z for a harmonic magnetic trap. Note that since the field is primarily axial
(]§ ~ B.Z), we use B and B, interchangeably. The pitch angle 6(t) is now changing as a
function of time as the electron traverses the trap axially. The initial pitch angle is denoted
Bo.

For adiabatic motion (f. > f,) the magnetic flux through the electrons’ cyclotron orbits

is conserved [62]:

O 2
2B = (1&3()) B = constant, (2.3)
e

with the cyclotron radius given by,
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p sinO(t)
= pmAY 2.4
r B (2.4)
Equation [2.3] can be simplified to,
in? 0(t
—smB ®) = constant. (2.5)

Due to the axial component of the momentum, electrons travel from their initial position
zp to a maximal position z,., such that:
1 sin? 6,

Blomm) = Blao) (2.6)

The electrons then have an oscillatory axial motion between +z,,,. In the non-relativistic

limit there is an axial force on the electrons given by uV B, (where p oc r? is the orbital
magnetic moment of the cyclotron orbit). We can therefore use Equation to get the axial

oscillation frequency f, in relation to the cyclotron frequency f.:

2 d’B
SER b= (2.7)
fc BO

For a reasonable harmonic trap gradient of 0.01 T/cm? and By = 1 T, the frequency f,
of oscillation is about 100 MHz.

A trap with a finite magnetic depth AB cannot confine all the electrons born within it.
In order to be trapped, electrons’ pitch angles must satisfy the relation:

tan 6’ > (2.8)

where 6’ is the pitch angle at the bottom of the trap. For a typical AB/By ~ 1073 center
trap field, the fraction of trapped electrons is O(1 %). Crucially, this trapping efficiency
depends only on the magnetic trap characteristics and is independent of beta energy. For

a radioactive source of uniform density in the region of the trap, there will be many more
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electrons with low pitch angles because there is more phase space available to them down to

the cut-off angle 6,,;, given by,

| B(z =0)
0pnin, = tan ( T) ) (2.9)

There are relatively few electrons with 6’ & 90° because these electrons can only be born

right at the center of the trap (z = 0) with initial pitch angle 6y ~ 90°.

The magnetic trap also generates grad-B motion induced by variations of the holding
field amplitude along the cyclotron trajectory of the electron (similar to the magnetron
drift of a penning trap and so often referred to as magnetron motion) [I2]. This effect
induces a global rotation of the electron trajectory around the axis of the trap magnetic
field at a frequency fyp. The velocity induced by this effect is perpendicular to both the
main field and the field gradient (fys o« B X VB). There is also a different drift that
is caused by the curvature of the field lines but the frequency associated with this drift is
roughly an order of magnitude smaller than fgg and is therefore not easily visible in our
observation window [23]. For the He6-CRES experiment the ratios of cyclotron, axial, and

grad-B frequencies are approximately given by Equation 2.17 of Reference [13]:

foif.: fop~1:5x107%:107". (2.10)

Figure illustrates how the three motions interact to give rise to the electron trajectory

in the magnetic trap.

The axial motion leads to a frequency modulation or Doppler effect that puts power
into sidebands. Since the main magnetic field of Equation [2.1|is in principle changing as a
function of time as the CRES electron traverses the trap it is the average magnetic field over
one axial oscillation that determines the observed cyclotron frequency. These two effects,

among others, will be discussed in detail in Chapter [5



35

=2 ==
=, =)
==

A ve

AT

Figure 2.2: Schematic of the three most important motions of a CRES electron in a magnetic
trap; cyclotron (f.), axial (f,), and grad-B (fvps). The main field axis 2 is perpendicular to
the plane of the blue and red circles. Note that we use magnetron and grad-B synonymously

in this work. This figure is taken from Reference [112].

2.3 Characteristics of CRES signals

A CRES event radiating in free space would be incredibly difficult to observe due to the
small (O(fW)) amount of power radiated and the small solid angle of a free space antenna.
To overcome this, we use a waveguide as the decay cell such that the CRES signal couples
to the modes of the RF waveguide and the radiation propagates exclusively in 2 which can
be picked up by an antenna on either end of the waveguide.

In a waveguide, the time dependence of the wave amplitude for a mode is given by [62]

88, 15]:

Apn(t) o / BPx J(F)t) - Ep(F), (2.11)

—

where J(7,t) is the current density of the moving 3, and Enm represents the mode electric

field. The power coupled into a given waveguide mode is o |A,, ,,(t)[*.
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The current experimental bandwidth of the He6-CRES experiment (18-19.1 GHz) was
selected to measure only in the TE; ; mode, with cutoff at 15.2 GHz. The next mode, TMj 1,
has a cutoff at 19.9 GHz. Thus the signal power observed directly is exclusively due to the
power propagating in the TE; ;. Since the electron is losing energy to radiation, the cyclotron

frequency is evolving in time. The slope (df./dt) is given by

cl_fc eBc? P 1 )

= = P 2.12
dt 2 (mc® + Eg)?  2meBc? Je: (2.12)

where P is the power lost to radiation. The slope observable is therefore a proxy for the §’s
total radiated power. In addition to the TE; ; mode, higher harmonic frequencies (f, = hf;)
of the B current density couple to higher-order waveguide modes, which can contribute
significantly to the total radiated power and thus to the observed slope. However, since this

power propagates into unobserved modes, we do not detect this power directly.
2.4 Characteristics of CRES spectrogram

Our raw data is, in its base form, a time series voltage wave but we continuously take
Fast Fourier Transforms (FFTs) of the digitized signal in hardware (as discussed in detail
in Section . Arranged sequentially, the FFTs produce a spectrogram displaying signal
power as a function of time and frequency. Figure [2.3] shows CRES data taken with the
83mKy source, which produces monoenergetic lines between 7 - 32 keV and is discussed
in more detail in Chapter [} Consecutive and colinear high-power Fourier bins form tracks,
which are indicative of a radiating charged particle. As explained above, the gradual increase
of frequency versus time is due to the charged particle losing kinetic energy to the cyclotron
radiation and the slope of the track is given by Equation [2.12]

The sudden jumps are due to scattering off residual gas atoms. Scattering generally
causes the electron to lose energy, increasing the frequency. However, since a scatter will
often also change the pitch angle ¢ of the electron, it can change the average field B,

experienced, potentially leading to a decrease in observed frequency as seen in the first



37

scatter of the event shown in Figure 2.3 After an arbitrary number of scatters, a trapped
electron will end up with a pitch angle less than 6,,,, (Equation and no longer be
trapped. The set of all tracks associated with a single g is referred to as an event. In
order to precisely determine 3 energies the event start frequency and the magnetic field
must be well known and input into Equation [2.1 To extract the event start frequency the
event must be reconstructed accurately; for example the event in Figure [2.3| needs to be
recognized as one event and not mistakenly broken into two or three. Event reconstruction
will be discussed in Chapter [6] Event start frequencies can generally be identified to within
~20 MHz, so for cyclotron frequencies of ~20 GHz, this represents 10~% energy resolutionﬂ
given the reasonable assumption that the magnetic field within the decay region is known
to 107* relative uncertainty or better. Notice that the full scale of the spectrogram in
Figure is ~20 MHz, so a start frequency determination to within 20 MHz is (typically)
very conservative. Our current and projected precision on the main magnetic field is discussed

in Section [3.6] and Section

ZNote that this is technically the uncertainty in the total relativistic energy (E). The uncertainty in the
kinetic energy (K) is effected by an additional factor of £ = ~/(y — 1) which is an O(10) factor for low
energies but is an O(1) factor for the MeV [-energies we are most concerned with.
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Figure 2.3: Visual illustration of the concepts of track, scatter, start frequency, and event.

See the text for explanations. CRES data taken with ®¥™Kr source.

Heather Harrington of He6-CRES.

Figure created by
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Chapter 3
OVERVIEW OF THE He6-CRES EXPERIMENT

The He6-CRES collaboration is pursuing O(MeV) endpoint  spectra measurements
via CRES in search of signatures of exotic chirality-flipping interactions. The experiment is
being conducted at the Center for Experimental Nuclear Physics and Astrophysics (CENPA)
at the University of Washington (UW). This chapter will provide a high level overview of
the He6-CRES experiment in Section [3.1} and then discuss the different components of the
experiment in detail in Sections [3.2] through [3.9]

3.1 The He6-CRES experiment in a nutshell

Now that we have a high level understanding of the CRES technique (see Chapter , we
will articulate the experimental goals of Phase 1 of the He6-CRES experiment and discuss
the different experimental components needed to meet these goals. The discrete parts of the

experiment will be explored in detail in the remaining Sections of this chapter.

3.1.1  Fxperimental goals of Phase 1 of the He6-CRES experiment

The overarching goal of Phase 1 of He6-CRES is to demonstrate that CRES can plausibly
be used to achieve a 10~% measurement of bpje,. via the ratio of °He and ?Ne spectra and
to discover what experimental design, analysis, or simulation bottlenecks may hinder such
a measurement as to direct the efforts of Phase 2 of the experiment. Specifically, Phase 1

entails completing the following sub-goals:

Hardware Development:
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— Developing the vacuum infrastructure to deliver He and *Ne to the He6-CRES
apparatus. (Section

— Developing high-intensity He and °Ne sources. (Section [3.3))
— Building and characterizing the Phase 1 He6-CRES apparatus. (Section

— Developing a high-throughput, broadband RF data acquisition system (DAQ).
(Section

— Characterizing and precisely manipulating our main magnetic field. (Section

— Developing a stable 8 monitor for spectral normalization. (Section
Software Development:

— Developing DAQ software for rapidly writing data to disk, tracking important
environmental data (main magnetic field, 5 monitor, trap current,...), and starting

and managing data acquisitions. (Section (3.8])

— Developing adequate Monte Carlo simulation capabilities as to meaningfully com-

pare expectation to observation. (Chapter [5))

— Developing an analysis toolkit to identify CRES events over a large range of

energies and event topologies. (Chapter @
Experimental Benchmarks:

— Successfully observing CRES signals from 8*™Kr. (Chapter |4
— First-ever observations of O(MeV) 3%’s via CRES with ®He and "Ne. (Chapter [4)

— Developing and executing a campaign for an O(10%) total counts per isotope ratio
measurement of He and '“Ne allowing for a proof-of-principle measurement of

brier. with ~ 107! statistical sensitivity. (Chapter @

This thesis describes much of the work done to complete Phase 1 of the He6-CRES

experiment.
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3.1.2 Phase 1 of the He6-CRES experiment

Here we will step through how the distinct pieces of the He6-CRES experiment fit together
with the final Phase 1 experimental benchmark in mind: an O(10*) counts per isotope ratio

measurement of SHe and "Ne.

In this thesis we demonstrate a frequency-based energy determination of 5%’s in the 5
keV to 2.1 MeV (kinetic energy) range, with the capability to reach 5 MeV with the current
He6-CRES apparatus [I5]. This corresponds to ~ 100-times higher energies than previously
observed with CRES [911 [30]. The isotopes ®He (3~ endpoint ~ 3508 keV, 7 &~ 1 s) and *Ne
(BT endpoint & 2216 keV, 7 & 17 s) are experimentally favorable for precise determinations
of brie,, because they both decay almost exclusively to the ground state of their progeny, have
considerably simplified nuclear structure corrections due to an underlying isospin symmetry,
and have precise theoretical characterization of their decay properties [79, 69, 24] [77, 66], 4T,
15].

A measurement of the ratio of 5 energy spectra of these isotopes enhances the sensitivity
to tensor couplings since the sign of bg;.,, is opposite in the two cases [61]. As was discussed
in Section , not only are the bpje. terms opposite in sign for ‘He and *Ne, they are also
related via an expression that holds at the 1073 level: bpje,.(1*Ne) &~ —0.7204 bpye,. (*He) (see
Equation . This implies that the ratio of spectra can be fit to a single free parameter
and simultaneous limits can be set on bpj.,.(°He) and bpj,.(*?Ne). Crucially, systematic
effects arising from common spectral distortions are (mostly) eliminated because the ®He
and Ne experiments are charge-conjugated copies of each other, and, for a given 3 energy,
the trajectories and resulting radiation are identical. The fact that detection efficiencies and
line shapes for 7 and 8~ CRES signals are (in principle) identical is unique to CRES. In
solid state detectors positrons and electrons have very different signal characteristics due to
annihilation-gammas in the case of positrons and other effects, preventing such a cancellation
from working. The limits of this powerful cancellation of systematics will be discussed in

Chapter



42

0.401 e Nel9

0.351 He6

0.301 4 .

0.25 1

2|2 0.20;

0.15 1
0.10

0.05 M

0.00

1.0 1.5 2.0 255 3.0 35 4.0 45 5.0
Y
Figure 3.1: Standard model *Ne (blue) and %He (orange) 3 spectra showing the energy
regions sampled by the 11 field settings from 0.75-3.25 T (the highest fields correspond to
the highest energies), given the 1.1-GHz RF bandwidth.

From Equation one can see that for a given magnetic field strength (B) the energy
range of observable (3’s is determined from the frequency bandwidth of the apparatus. In
the absence of significant signal-processing hardware breakthroughs allowing O(30 GHz)
bandwidths, a limited bandwidth prevents the simultaneous observation of 3’s over the
entire O(MeV)-endpoint energy spectrum. To overcome this, the magnetic field must be

tuned to observe different regions of the £ spectrum.

Figure illustrates how the overlapping region of the ?Ne and ®He S spectra are
covered by scanning the magnetic field, given our fixed frequency bandwidth of 18.0 — 19.1
GHz. One can see that due to the B dependence of Equation [2.1], the observation window
becomes larger with increasing field. Measurements taken at each field are normalized by a
£ monitor of the total activity within the decay cell. Labeled “beta monitor” (orange) in the
He6-CRES apparatus schematic of Figure , a 3.8-cm-diameter port with a 1/8-mm thick
Cu foil allows fs to be observed by a 5-mm-thick scintillator coupled to 4 SiPM readouts [15].
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Figure 3.2: Schematic of the core RF components of the He6-CRES apparatus. The appa-
ratus is presented in detail in Section @

The density of radioactive atoms in the vacuum side of this port is in dynamical equilibrium

with that in the decay cell.

In the simplest approach for constructing the ratio (used throughout this work) the total
event count from each observation window for each isotope is divided by the total number
of counts registered on the § monitor during the associated CRES acquisition, resulting in
a normalized rate for each isotope at each field. Let ny;.qs be the number of discrete fields
included in the measurement. Then the ratio is constructed by taking the normalized Ne
rate over the normalized ®He rate (field-wise). We situate Ne in the numerator to prevent
a divergence since He has a larger endpoint. Note that by aggregating all counts for a

given field we are sacrificing frequency (and therefore energy) resolution of individual ﬂsEl

I'We start with the simplest approach and build from it; other approaches that don’t sacrifice as much
energy resolution are discussed in Chapter [5)).
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This experimental ratio can then be compared to the SM expectationﬂ which will simply
be the field-wise ratio of the integrated spectral density regions presented in Figure [3.1]
However, since the efficiency of the 8 monitor is generically different for positrons (1*Ne)
and electrons (°He) due primarily to the presence of 511 keV annihilation photons for 5
decays, there is an additional multiplicative coefficient (C') needed to compare the expected
SM ratio (rgas) to the experimental ratio (re,,). This factor C, along with bpe,., can be

obtained simultaneously via a y?-minimization,

Nfields 2
2 (rSMi<bFierz) - Crexpi)
X (bFierza C) = : —. (31)
ZZ:; (COeap,i)?

Where 1, is the experimental ratio at the i'" field and is explicitly given by,

Nne,cres,i Nhe,mon,i

T ;=
erp,i
Nne,mon,i Nhe,cres,i

) (3.2)

where Ny cresi (Nheeresi) is the total number of CRES events observed at the i field for
YNe (He) and Nyemoni (Nhemon,i) is the total number of monitor counts observed at the

it" field for Ne (°He). The uncertainty in the experimental ratio oe,,; is given by,

1/2
CR S / (3.3)
Oexpi = Yexp,i ’ :
Nne,cres,i Nne,mon,i Nhe,cres,i Nhe,mon,i

obtained by propagating a statistical v N uncertainty in the CRES and monitor counts
observed for each isotope and field through to the ratio. The best fit values b},.,, and C*

for bpier. and C respectively are given by,

: C* = argmin \*(bpierz, C). (3.4)

Flierz»
bFie'rz 7C

The predicted ratio at the i field, rsus;(briers), is given by,

2Technically it is incorrect or at least a bit loose to call this the SM expectation since it includes bgjey»
(a BSM effect) as a free parameter.
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fEm”’i W(E>19Ne,SM(1 + bFierz(lgNe)%)€6+(E) dE

Emin,i

fEmaz’i W<E)6He,SM(1 + bFz'erz<6He> T%e )66_ (E) dE

Emin,i

rSM,i<bFierz) =

fEmaz‘i W(E)lgNe,SM(l — 0.7204 - bpier. ") dE

Emin,i

E’maz‘i Me
f ‘ W(E)GHe,SM<1 + bFierzF) dE

Emin,i

, (3.5)

where €.+ (F) is the energy dependent detection efficiency of CRES detection for positrons
(electrons) and W (E) gy, is the well-known SM differential decay rate with all relevant higher
order corrections included (see Subsection and Equation [1.26). The lower (upper)
energy bound of the integral, Eiin; (Emasi), is obtained by plugging the upper (lower)
bound of the frequency bandwidth into Equation [2.1, The efficiency terms pull out of
the integral and cancel to first order because the efficiencies are almost constant over the
integration windows. Limits to this cancellation and different formulations of the ratio to
improve the cancellation are discussed in Chapter Note that in principle there should
also be a convolution of the line shape with the beta spectrum included in Equation |3.5
but that since the line width is so small (0E/E ~ 1073), we are safe to ignore this effect
for our current desired level of precision. Future phases of the experiment will need to
address this effect carefully. For simplicity throughout the remainder of this thesis bpje,, is
used interchangeably with bpye,..(°He) (as is done in the last line of Equation . One can
always use Equation to relate a limit on bp;,.(°He) to a limit on bp;,..(**Ne).

Equation [3.5]demonstrates the power of the ratio measurement; it enables the cancellation
of energy dependent efficiencies, drastically reducing reliance on complex Monte Carlo to
interpret experimental data, and an increased sensitivity to bg;... by a factor of ~ 1.7 when
compared to a determination of bpj.,, from *He alone.

We are not sensitive to bri.,, via a measurement of the ratio as described here at a
single field, as the free parameter C' prevents any sensitivity of such a measurement and
experimental sensitivity to the Fierz interference is optimized by observing betas over a broad

range of kinetic energies, spanning from zero to several times the electron mass [44], [15]. We
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Figure 3.3: Ratio of spectra (Equation with bpier, = 0 VS bpier, = 0.1 with 10 counts per

isotope measured over 11 field settings from 0.75-3.25 T in 0.25 T increments as is illustrated

in Figure @

rely on measurements over a large range in fields (and thus energies). The long lever arm
enables sensitivity to bgje... Figure illustrates how the ratio between an (exaggerated)
brier> = .1 and bpie,. = 0 compare with 10 counts per isotope measured over 11 field settings
from 0.75-3.25 T in 0.25 T increments as is illustrated in Figure One can see that the
long lever arm enables the fixing of the scaling factor C' while still being sensitive to the
deviations in the shape of the curve caused by bg;.... The statistical sensitivity to bpse,. goes

(approximately) as,

10
VN’

where N is the number of counts per isotope. Chapter |5| explicitly demonstrates the ratio

AbFie?"z ~ (36)

technique’s sensitivity to bp;e,. under different assumptions.

The above provides a description of the measurement technique. Figure |3.4] provides a
layout of the rooms at CENPA that are utilized by the experiment. The tandem provides
high energy proton and deuteron beams to Cave 2 where the Ne and ®He sources are

located. Radioactive isotopes (Ne or ®He) are transported to the He6-CRES apparatus in
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Cave 1 to be detected.

3.1.3 Thesis scope

Now that there is adequate context (via the theoretical motivation described in Chapter , a
high level description of the ratio measurement, and an articulation of the He6-CRES Phase
1 goals), we can meaningfully present the scope of the remaining sections of the thesis. The
coming sections of this chapter will describe the discrete components of the experiment in
detail; Sections and describe the vacuum system connecting the radioactive sources
to the He6-CRES apparatus and the high intensity °Ne and %He sources we've developed
at CENPA (publication of this material is in progress), Section describes the He6-CRES
apparatus, Section [3.5]describes the DAQ), Section [3.6]describes the superconducting solenoid
that provides the main magnetic field, Section describes the § monitor that provides the
relative normalization across fields, Section describes the DAQ user interface and SQL
database used to manage data files and environmental data, and finally Section [3.9] presents
the RF noise characteristics of the Phase 1 apparatus.

In Chapter [5, the Monte Carlo simulations used to compare expectation to observation
and to investigate systematic effects will be discussed. In Chapter [4 initial findings from
CRES observations of #™Kr, Ne, and He will be discussed. In Chapter [6 the analy-
sis pipeline used to extract event characteristics from spectrograms will be discussed and a
O(10%) counts per isotope ratio measurement will be presented, representing the completion
of the Phase 1 experimental benchmarks outlined above. Chapter [7] will present progress
towards machine learning based event reconstruction. Finally, Chapter 8 will conclude the
thesis and discuss the experimental direction of He6-CRES as we work towards a 10™2 mea-

surement of bpje,.,.
3.2 Transport, vacuum, and monitoring systems

The ratio technique described above requires high intensity gaseous ?Ne and ®He sources

of very pure radioactivity. Typically, CRES £’s must be observed for many milliseconds



49

to be detected. As such, pressures below the 107° Torr level are required for minimizing
scattering with residual stable gases to keep track lengths as high as achievable. In addition,
undetected radioactive contaminants can lead to unwanted distortions that won’t cancel in
the ratio. The radioactive sources must also be high intensity as high statistics are crucial
to obtaining world leading determinations of bg;.... Below we present a system to deliver
~ 10'° atoms per second of *He and Ne with high degree of purity to be used for precision

[ decay measurements.

In Section we describe the experimental setup used for the production and purifica-
tion of the Ne and %He sources but we begin by describing the transport, vacuum, and

monitoring systems used.

Figure |3.5] shows a sketch of the most significant parts of the system. The radioac-
tive atoms were injected into a 15-cm-diameter 8-m-long stainless steel pipe via remotely-
controlled valves. At the other end a 360 1/s turbo pump (TMP1) was used to compress
the activity toward the CRES decay cell. Since all emanation from the pipes contribute
detrimentally to the pressure at the CRES decay cell, a cryo pump (Cryo-I) was used to
keep the transport pipe clean after baking. When radioactivity was being transported, this
cryo pump was isolated via a gate valve. The average transit times are ~ 0.8 s for He atoms

(about one ®He halflife) and ~ 1.5 s for '?Ne atoms (about a tenth of a *Ne halflife.)

We use two beta monitors, a SiPM-based monitor referred to simply as the beta monitor
and a AFE — E monitor referred to as the beta telescope, which both connect to the rest of the
system as shown in Figure [3.5 These beta monitors serve the dual purpose of enabling the
characterization of the radioactive intensity and purity of the sources as well as being used

for spectral normalization during ratio measurements. The two beta monitors are discussed

in Section 3.7

Figure [3.6| shows more details on the Cryo-II station, designed to improve purity of

radioactivity delivered to the CRES decay cell.
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Figure 3.5: Vacuum and transport systems: ‘He and °Ne are injected in the target room

and transported to a low-background-radiation room via a 15-cm-diameter SS pipe. The

pipe is connected to a cryo pump (Cryo-I) with a valve that is closed during transport. At

the end of the pipe, a 360 1/s turbo pump (TMP1) compresses the gas into a volume with a

copper window to monitor beta activity and a toroidal volume kept at 30 K using a second

cryo pump (Cryo-II) and a heater with feedback for temperature stabilization. This allows

purifying the activity while preventing adsorption of 1?Ne or *He. Two getter pumps are used

to further improve vacuum. A residual gas analyzer is used to monitor gas contamination.

The bottom right connections allow calibrations with a ®3™Kr source.
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Figure 3.6: Cryo-II trap profile. The gas containing the radioactivity of interest was passed
through the rectangular toroid (spool) shown, regulated at 30 K, to improve purity, while

avoiding retention of "Ne.

3.3 Production, intensity, and purity of radioactive sources

The radioactivity is produced by beams from the FN-tandem accelerator at the University
of Washington: via “Li(d,*He)®He bombarding a molten lithium target with a 17.8-MeV
deuteron beam [70] and via F(p,n)'""Ne on an SFg gaseous target with a 12-MeV proton
beam, similar to the Berkeley-Princeton source [26], 40, [16, [100].

Following are details on the functioning of each source, the measured intensities, and the

limits on potential contaminants.

3.3.1 °He source

Details of the apparatus for ®He production have been published before [70, 117], so here
we give only a brief description. ®He atoms are produced by bombarding a molten lithium
target with a deuterium beam, as shown in Figure (3.7, The lithium is held by a stainless

steel cup and a 7.5 pum thick tantalum foil, pictured in Figure 3.8 Tantalum was chosen for
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Figure 3.7: Sketch of the liquid lithium target for °He production. The 17.6 MeV deuteron
beam passes through a thin tantalum window (in blue) which holds the molten lithium inside
a stainless steel cup. The lithium is melted by heating the cup through a heater in a copper
block (in red) attached to the back. By moving up and down an asymmetric stirrer (in
green), a thin layer of Li that wets the Ta foil is produced, yielding optimal production

rates.

its high melting point, high thermal conductivity, low activation under the deuteron beam
exposure, slow chemical reaction with lithium, and robustness allowing for a thin entrance
window. The top of the cup is open to a 6-inch diameter and 8-meter long beam pipe in
which the 5He atoms travel via molecular diffusion through a concrete shielding wall towards

a 360 1/s turbo-molecular pump, which compresses them into the CRES apparatus.

To minimize the diffusion time of ®He within the target, the cup is heated to 220°C by a
cartridge heater to melt the lithium target. The amount of lithium loaded in the cup is such
that the liquid level is approximately centered vertically on the window. Ideally, the lithium
target should have a minimal thickness ~1 mm to maximize the nuclear reaction yield. A
paddle (or stirrer) mounted on a translation device that can be lowered into the lithium and
rotated, temporarily raises the Li level over the window and allows the formation of the thin
layer of Li coating the Ta window. The half-cylinder shape of the paddle enables it to stir
the lithium by rotation. A feedback loop controls the temperature of the target by turning

the cartridge heater on and off.
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Figure 3.8: Photo of the tantalum window from the center of the beamline. The copper
block that contains the heating element is seen behind the stainless steel cup. Air cooling

lines can be seen on either side of the cup.

With 10 pA of deuterium beam impinging on the target we obtained production of ~ 10°
SHe atoms per second, measured at the beta monitor station.

A possible contaminant is ®Li, produced via the "Li(d, p) reaction with a large cross
section. Fortunately, due to the high retention of Li within the Li target and the high
sticking probability in the bounces in the walls of the transport pipe, no detectable amount
of 8Li reached the CRES decay cell. The much higher endpoint of 3Li (16 MeV) with respect
to %He (3.5 MeV), allowed to place upper limits on its presence near the CRES decay cell by
using a thick scintillator, located at the beta monitor station, indicated in Figure We
calculated an upper limit of 2 x 10™* (68% CL) on the fraction of ®Li to ®He.

3.3.2 19 Ne source

The “Ne source is based on the scheme of previous sources [26], [40, 16, T00]. The gas flow is
illustrated in Figure |3.9| and details of the target and SFg traps are shown in Figures.

and respectively.
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Figure 3.9: The SFs flow system for ?Ne production. The colored arrows show direction of
flow of SF¢ and Ne during the production when Cold Trap A is in use. The flow of SFg
occurs in the laminar regime, while the **Ne flow beyond the cold trap is in the molecular
regime. Valves enable return of SFg to the storage tanks by warming the cold traps. There
are two cold traps and the manifold enables using one for Ne production while warming

the other to return to one of the supply tanks.
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Figure 3.10: °Ne production target. The blue parts are aluminum and the gray ones stainless
steel. The beam enters from the left through the Al window (not shown, but sandwiched
between the gray and blue pieces on the left) sealed by o-rings on each side. Water held
at ~ 10° C' with a refrigerator is circulated through a jacket to keep the target cool during

production.
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Figure 3.11: SFg cold trap. The gas enters through an injection port on the top left via a
1/4” tube into a cold trap consisting of a stainless steel chamber with copper baffles soldered
to its internal top and bottom walls. When cold, the chamber is kept submerged under liquid
nitrogen covering the top wall of the chamber. The injection tube end height was chosen to
let SFg freeze up to that level while optimizing SFg trapping. Ne exits through the central

tube into the vacuum system.
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SF¢ is stored in three 50-/ gas bottles at up to 105 psig. At that pressure, a bottle
holds about 16 moles of gas. The target pressure is typically set between 20 and 30 psig, so
the available gas in each storage tank is up to 11 moles. The gas flows through a pressure
regulator to the target cell where bombardment with the 12-MeV proton beam produces
YNe. The FN tandem accelerator can produce up to 10 uA of 12-MeV protons, but to date
(March 2023) we have run with up to 3 pA. The target cell is a 20-cm long cylinder with
a water cooling jacket. It is almost twice the range of 12-MeV protons (11.5 MeV after
passing through the 0.05-mm Al foil window) in 30-psig SFg at room temperature. Although
the target is water cooled, the central region of the gas is heated substantially by a 10-pA
beam. This heating has the effect of extending the proton range and was the reason for the
conservative length of the target cell.

The Al target window has an unsupported diameter of 6 mm, and is sealed with viton
o-rings to the target body. It has been tested to rupture at 11.6 bar and is calculated to be
heated to between 70 and 100 K (depending on beam radius) above ambient temperature by
a 10-pA beam. Al was chosen because it is resistant to corrosion by F. Nevertheless, the gas
supply line was interlocked to terminate gas flow in case the vacuum fails. The beamline was
also interlocked with a fast-acting valve to protect the Tandem in that event. It is possible
that free F, produced by ionization of SFg could eventually cause the window to break.

The gas flow rate is controlled with the needle valve and monitored with the flow meter.
Typical flow rates at 30 psig are up to 2.4 mole/hr (5.4 cc/s). At that rate and pressure,
the target volume (57 cm?) is exchanged in about 11 seconds, comparable to the 17-s half
life of ¥Ne. To extend the time before the trap fills, we often run at 20 psig with a flow
rate of 1.2 mole/hr (3.4 cc/s). Pressure measurements at the ends of the tube between the
target and the manifold before the cold trap, combined with known mass flow rates and
tube dimensions, indicate a transit time for the gas of only about 2 s for the 30 psig and 2.4
mole/hr example.

The SFg with the newly produced Ne passes to the cold trap, where the SFg is frozen

while the ?Ne continues into the vacuum system for the experiment. Before using the SFg
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to produce Ne, the supply from the commercial bottle was passed through several cycles,
freezing it while pumping on the cold trap with the turbo-pump, and then warming the trap
to put the SFg into the storage tanks. This process should remove air and other volatile
contaminants. We found some CF, contaminant which was not readily removed by this
process. Both the CF4 and remaining SFg (vapor pressure in the 10~° Torr range) have
similar partial pressures in our vacuum system upstream of Cryo-II and are removed by it
(see Figures. and [3.6).

Figure [3.11] shows a profile of one of the SFg cold traps, which are immersed in liquid
nitrogen. They are 11.4-cm diameter by 23.6-cm length 304 stainless steel cylinders with
copper baffles soldered to the inside top and bottom to increase the area for freezing SFg.
The body tube is 3-mm thick and the end plates 6 mm. The traps have safety relief valves
set to 120 psig, even though they have been calculated to withstand 500-psig pressure.

Gas is input through a 1/4” stainless steel tube which enters the top of the cylinder off
center. It directs the gas flow downward. !°Ne exits through the 3.8-cm tube on center
at the top. The input tube ends half way down in order to leave a substantial volume to
accumulate frozen SFg. With the tube ending half way down as shown, and with several
horizontal baffles above the tube termination to freeze SF¢ before it can get out the exit tube,
the trap can freeze about 9 moles of SFg before the vapor pressure above the trap increases
significantly. Thus we can typically run for 4 to 7 hrs before we need to empty the trap. As
it takes about an hour to warm the trap and then cool it down again, we are modifying our
system to use two traps. One can be used for ?Ne production with one supply tank while
the other is warming and filling another tank.

Calculations based on the cross sections of Jenkin et al. [64], which extend from 5 to 11
MeV proton energy, suggest a 12-MeV proton beam should produce ~ 10° *Ne s~ tuA~1t
This figure may be low, since cross sections measured by Riffle et al. [94] are about 50%
larger than those of Jenkin et al. in the 5 - 6 MeV region where the measurements overlap.
About half of this activity decays before exiting the target and passing through the cold trap.

To determine how long the activity takes to reach the experimental apparatus, we switched
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the beam on and off while measuring the time between beam on and arrival of the activity.
The activity had a rise time of about 10 s and was delayed 16 to 20 s, for flow rates from 5.4
to 2.7 cc/s. The production rate only decreased by about 15% at the lower flow rate.

Table [3.1] shows a list of potential radioactive contaminants expected from SFg +p at
beam energies of E, = 12 MeV. This energy is below the threshold for production of *2Cl,
which would be otherwise the most expected contaminant, given the relative abundances
of the sulphur isotopes (95%, 0.25%, 4.25% for 32S, 33S, 34S, respectively). Because most
produce betas with endpoints higher than the 2.21-MeV value for Ne, we assembled the
thick-scintillator telescope mentioned in Section [3.2], so as to look for their signatures. It is
important to note that both P and Cl are reactive which drastically decreases their chances of
traveling all the way from the target to the decay cell (=~ 20 m through SFg gas, a cold trap,
and a long vacuum chamber). We are also using half-life measurements of Ne to put limits
on the abundance of 8F. The initial results don’t suggest any significant presence of '8F. The
work to ensure that there are no contaminants in the decay cell capable of distorting a Ne
spectrum measurement is still in progress. Contaminants will be an important systematic

as we move forward to more precise measurements.

3.4 He6-CRES apparatus

Above we presented the hardware development necessary to produce and transport high
purity *Ne and He to the He6-CRES apparatus. Here we describe the He6-CRES apparatus
itself, including details on the decay cell and magnetic trap, the RF system, and the cryo-

system and temperature distribution.

3.4.1 Decay cell and magnetic trap

The decay cell is itself a copper 11.56-mm inner diameter, ~15-cm long circular waveguide.
The decay cell was chosen to be circular as opposed to rectangular to minimize the probability
of wall collisions for a given cross-sectional area (maximizing the event rate). Three coils

generate the magnetic trapping field, typically O(1073) of the main field, used to axially
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Product || t1/2(s) 7 branch ®  j; branch °
E, I, Kme Is
(MeV) (%) (MeV) (%)

20p 41 1273 15 3.9 98
30p 150  n/a <1 32 100
3301 25 084 05 46 99
310 15 n/a <1 45 100
mc] |1 1920 2,127 43 25 28
18 6586 n/a <1 0.6 97

*Main gamma branch energy and intensity;

®Main beta branch endpoint energy and intensity;

Table 3.1: Potential radioactive contaminants produced by the *Ne source and their most

prominent decay branches.
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confine the betas (see Figure . The magnetic trap was designed to be quickly slewed
(turned off and on) to empty the trap of fs. Once the trap current is at zero, the electrons
collide with the decay cell windows and rapidly lose enough energy to be undetectable. So as
not to induce an electromotive force (EMF) and associated current in the main magnet during
trap slewing and potentially cause a magnet quench, the coils were designed to have no dipole
moment (to first order). Therefore there is very little current induced in the superconducting
solenoid when emptying the trap via ramping the current to zero. Calculations done by Kris
Knutsen found that cycling the deepest traps we intend to use induces a total current of
~ 1A per cycle in the main magnet at a rate of &~ 10 mA /s assuming a 100 us cycling time.
The main magnet has a safe-ramping rate of 100 mA /s even at the highest fields (5 — 7 T),
so induced currents of this magnitude and rate are a non-issue.

To obtain no dipole moment the center coil of the trap has twice as many windings
(88 windings) as the outer two (44 windings) and the three coils are wired in parallel with
alternating polarities. The field profile produced is shown in Figure and agrees well
with simulation.

The trap was constructed using two clam-shell pieces that clamp around the decay cell.
The clam-shells are thermally isolated from the decay cell by G10 spacers. There is a layer
of Kapton inserted between the two clam-shell pieces in order to cut down on eddy currents
created when slewing the trap coils. Each coil was wound using 26-AWG copper-insulated
magnet wire as seen in Figure [3.13] After each wound layer GE 7031 varnish was applied
to set the wires in place and increase the heat conductivity of the coil. For a 1072 trap in a
6 T main field (our maximum desired field strength) we need 1.45 A in our trap coils. The
maximum current rating of the wires is 4 A.

We provide the trap current with a KEPCO BOP 100-4L power supply that is controlled
by a SCPI-based python driver. We measured that the rise time for a 0.4 A current in the
three coil trap at room temperature (~300 K) was ~ 100 us, which aligns with the KEPCO
data sheet. Using a low inductance pick-up coil and integrating the voltage according to

Faraday’s Law we measured that the field at the center of the coil had a rise-time constant
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Figure 3.12: Top: decay cell geometry with trap coils. Bottom: axial magnetic field profile

from trap coils used for axial confinement of fs.

Figure 3.13: Left: Photo of components of the decay cell and coil form. Kapton was placed
between the two sides of the coil form and non-conducting nylon screws were used to prevent
circumferential eddy-currents. Right: Decay cell and coil form fully assembled. The flange

with a grid of small holes in the foreground lets the radioactivity into the decay cell.
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of 1.3 ms (found by fitting the field magnitude to an exponential). According to the theory
of field diffusion in a conductor the diffusion time is proportional to the conductivity of the
conductor. In-situ the copper decay cell is at about 80 K so the conductivity is 7.8 times
larger than at room temperature. Therefore, the expected in-situ 0-95% rise-time is 9.6 ms.
This in-situ rise time was verified to within +1 ms using the curvature of CRES tracks during

trap slewing.

We discovered that a ~ 10 ms rise time would negatively affect CRES measurements
because it prevents preferable duty cycles (trap needs to be off for at least ~ 30 ms while
eddy currents die down) and it causes tracks to curve as the trap field settles or turns off
which confuses our analysis. Figure [3.14] shows the sparse spectrogram of a CRES electron
during a 35 ms ON, 5 ms OFF trap slewing duty cycle. One can see that the event frequency
is effected (curved) when the trap is turned off (see t = 0.72, 0.76, 0.80 s) but that the CRES
electron stays trapped due to the long lasting eddy currents preventing the trapping field

from adequately vanishing.

Since the clam-shell coil form itself has a radial conductive break, the eddy currents
are primarily caused by the copper decay cell which has a 170 mi]E| wall thickness. In an
effort to address this issue we had a new decay cell with 13 mil walls machined as shown in
Figure|3.15, This significantly reduced the rise-time. Based on calculation and verified with
room-temperature measurements, we expect the new decay cell to have an in-situ (80 K)
0-95% rise-time of ~ 2 ms. With this improvement and a protocol of keeping the trap OFF
time to > 15 ms, we no longer have significantly curved tracks or any failures to empty the
trap.

It’s important to note that trap emptying was not an issue for Phase I or Phase II of
Project-8 because the (& 18 keV) CRES electrons naturally scattered out of the trap due to
collisions with residual gas atoms. At most of the § energies we are interested in (> 100 keV)

scattering is much more rare, making trap emptying a crucial component of the experiment

31 mil = 102 inches.
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Figure 3.14: Sparse spectrogram of a CRES electron during a 35 ms ON, 5 ms OFF trap
slewing duty cycle. One can see that the track is affected (sidebands collapse toward the
main band) when the trap is turned off (see t &~ 0.72, 0.75, 0.79 seconds, indicated with red
dotted lines) but that the CRES electron stays trapped. This is due to the long lasting eddy

currents preventing the trapping field from adequately vanishing.

Figure 3.15: Photo of the thin walled decay cell (13 mil wall thickness) built in order to
overcome the eddy current issue. One can see the step down to the thinner walls in the

central region of the cell.
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Figure 3.16: Design drawing of the Ti transport tube that delivers radioactive isotopes to
the decay cell. Originally this tube was designed and built with a 1/4” ID but we found we
had better isotope transport and pumping with the larger 3/8” ID.

in order to prevent an abundance of higher-energy CRES events from ‘rising’ into our visible

frequency bandwidth. The long tracks we observe will be discussed in detail in Chapter [6]

Our N.C.-State collaborators are designing an electrostatic Ex B trap-emptying device
that will be able to empty the trap in less than 500 pus without any induced eddy currents
(or changing the trap current) by providing a brief strong voltage to a section of the decay
cell. This should increase the trap’s work to rest ratio and in turn increase our CRES rate
within a fixed amount of data taking. It would also drastically improve the issue of CRES

events rising from below by enabling shorter trap-on periods.

The radioactivity is brought from the vacuum system portrayed in Figure into the
decay cell via a 3/8” inner diameter (ID) titanium tube leading to a grid of 25 small (1
mm diameter) holes leading to the inside of the circular waveguide (see Figures ,
and . The grid of small holes was shown to not have a measurable effect on the RF
properties via bench-top measurements and Ansys HFSS (high-frequency structure simula-

tor) simulations. The radioactivity is kept contained in the decay cell (axially) via 5 mil
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Kapton (polyimide) foil windows that are transparent to microwaves. There was worry that
the Kapton foil could adsorb the ®He onto it’s surface to such an extent that the radioactive
partial pressure in the decay cell would suffer (hurting our CRES statistics). Calculations
and experimental efforts were conducted and showed that this should not be a concern for
SHe. Given that we found this to be such a small effect these results should generalize to

9Ne. These calculations and experimental efforts are presented in Appendix .

3.4.2 RF system

The RF system was designed so that only one waveguide mode is excited within the directly
observable bandwidth (17.9 — 19.1 GHz). The mode cutoff frequencies for circular waveguides

are given by,

p/
TE : f. = —""_—
Jemn 2ma. /e

TMifcmnzpn—m

2may /e’ (3.7)
where p!, = denotes the mth zero of J/ (the derivative of the n™® Bessel function of the first
kind), p,., denotes the mth zero of J,, (the n'® Bessel function of the first kind), and a is the
radius of the guide [88]. The mode cutoff frequencies for rectangular waveguides are given

by,

TE,TM: f.,, = 2“1/%\/(%)2 + (%W)Q (3.8)

where the T'Eyg, T' Moy T Mo, and T'My; modes are not allowed and a, b are guide side lengths
with a > b. See Reference [88] for a thorough treatment of waveguide modes and cutoffs.
The circularly-polarized cyclotron radiation produced in the circular decay cell couples to
the T'Ey; mode (cutoff 15.203 GHz). The next available mode is T'My; which opens at
19.890 GHz. After the decay cell there is a A/4 phase-retarding polarizer that converts the

circularly polarized radiation to a linear polarization state. The polarizer is followed by a
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Figure 3.17: Labeled design of the components surrounding the decay cell. Legend: A
= WR-42 to Circular adapter, B = A/4 polarizer, C = trap coil form surrounding the
circular decay cell, D = grid of holes allowing radioactive isotopes into the decay cell, E
= Titanium radioactive isotope transport tube, F = WR-42. The kapton windows are

compressed between the flanges of B and C.

circular to WR—Qﬂ adapter, and WR~42 rectangular waveguide (10.668 mm x 4.318 mm).
The signal couples to the T'E1y mode of the rectangular guide (cutoff 14.051 GHz). The
next available mode in the rectangular guide is T Eyy with cutoff 28.102 GHz. The WR-42
leads to a circulator which directs radiation towards the amplifier chain. The circulator
prevents noise sourced from the low noise amplifiers (LNAs) from making its way back into
the RF system and also allows for the injection of signals for RF characterization and testing
via the 3rd circulator port. The signal-injection input port is composed of a WR-42 to a
cryogenic 20 dB coaxial adapter connected to a stainless steel coaxial cable which leads to a
vacuum feedthrough. This system transmits and amplifies well for frequencies in the 18 — 24
GHz band, so there is the opportunity to increase our bandwidth without changing any RF
hardware. Figure [3.17 shows the RF configuration surrounding the decay cell. Figure [3.18
shows the contents of the RF system surrounding the LNA chain.

4WR stands for ‘Waveguide Rectangular’ and the number following it indicates the waveguide dimensions
inner width in hundredths of an inch. WR~42 is a standard size used by manufacturers.
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Figure 3.18: Photo of internal contents of the copper box (the box itself is labeled F). The
cubic component with three WR-42 inputs in the foreground is the circulator (labeled A).
The WR-42 waveguide (labeled B) provides radiation transport from the decay cell (out of
picture to the right) to the circulator. The first stage LNA (labeled C) takes WR-42 as input
and outputs coaxial. The second stage LNA (labeled D) takes coaxial as input and output.
The cold-finger from the Cryocooler (labeled E) keeps the LNAs around 5-8 K. The silver
material on the left is the aluminized-mylar super-insulation which helps reduce the amount

of heat deposited on the cold components from black-body radiation.
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The amplifier chain is composed of a Low Noise Factory cryogenic waveguide-input /coax-
output amplifier (1st stage), followed by a cryogenic coax-input/coax-output amplifier (2nd
stage). Each set of cryogenic amplifiers has a combined gain of approximately 60 dB with
a noise temperature around 8 K when held at a physical temperature of 5 K. The noise
characteristics of the RF system will be discussed in detail in Section [3.9, The RF system
from decay cell to LNA chain described above is duplicated such that signals propagating
out of both sides of the decay cell can be detected. In order to allow for both sets of LNAs
to be cooled by a single cryocooler, one piece of WR-42 contains a U, and we refer to this
side of the RF system as the U-side. We refer to the other (straight) side as the I-side.
Figure [3.19] and Figure [3.20] illustrate how the RF system fits into the scheme of the entire
apparatus. Table contains details on each of the RF components described above. Note
that depending on the 3 energy there is non-trivial coupling to higher modes of the cyclotron
frequency f. (as will be discussed in Chapter @ but this power is not directly observed via

Fourier bin power, it is only observed indirectly via the track slopes.

A “photonic crystal” was designed to allow for a thermal break in the RF system while
maintaining good RF transmission. Four photonic crystal waveguide flange pieces (shown
in Figure are used in total, two on the U-side and two on the I-side. These flanges
have a tiling of square posts roughly 1/4 wavelength on each side, and are designed to
cause maximum destructive interference for waves that would otherwise propagate out of
the waveguide (leading to signal degradation) given a simple vacuum gap in the RF system.
The use of these photonic crystal flanges allows us to implement a vacuum gap using kapton
standoffs from the cryogenic pieces of the waveguide, without appreciable loss of RF power.
Vector network analyzer (VNA) measurements of the flanges suggest that millimeter-scale
gaps can be introduced without degrading the RF transmission by more than 0.25 dB;
substantially better than two flat WR-42 flanges separated by an identical gap.

Once the RF signal exits the LNA chain a stainless steel coaxial cable (chosen for it’s
poor thermal conductivity) brings the amplified signal through a vacuum feedthrough to the

ambient (room temperature) receiver where the signal is mixed with a 17.9 GHz reference



Figure 3.19: Full He6-CRES apparatus design. The large grey cylinder is the magnet.
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Figure 3.21: Left: Photo of a photonic crystal. Four of these are used as a thermal break
within the RF system of the He6-CRES apparatus. Right: Design of photonic crystal.
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Component name Conductor | Size Company Part number
Decay cell copper ID = 11.56 mm | Custom N/A

A/4 polarizer gold coated | ID = 11.56 mm | Quin Star QWL series
Circular to rectangular adapter || gold coated | N/A Quin Star QWC series
Rectangular WG gold coated | WR-42 Sage Millimeter SWG series
Rectangular U-bend WG gold coated | WR-42 Quin Star QAC series
3-port Circulator gold coated | WR-42 Quin Star QKY series
Rectangular to coax adapter gold coated | WR-42 to coax | Quin Star QWA series
LNA, 1st stage gold coated | WR-42 to coax | Low Noise Factory | LNC16 28WB
LNA, 2nd stage N/A coax to coax Low Noise Factory | LNC15 29B

Table 3.2: Details on the RF components used in the He6-CRES Phase 1 apparatus.

oscillator, down-converting signal frequencies from 17.9-19.1 GHz down to 0-1.2 GHz. This
is much broader than the 180-MHz total bandwidth used to measure the tritium spectrum
with CRES [91]. This lower frequency signal is then fed into the Roach2 Field-programmable
gate array (FPGA) board discussed in Section[3.5] Before injection into the ROACH2, a 100
MHz high pass filter (HPF) is applied to kill low frequency aliased signals. Due to this HPF
we will often refer to our frequency bandwidth as (effectively) 18.0-19.1 GHz. Currently we
only take data out of either the U-side or the I-side.

3.4.3  Cryo-system and temperature distribution

Obtaining the correct thermal distribution throughout the He6-CRES apparatus was a chal-
lenge (championed by John Amsbaugh on the engineering side) that took extensive trial and
error. A two-stage Gifford-McMahon type cryocooler is used to cool components within the
apparatus (Part info: Sumitomo Model SRDK-408D2-F70L cryocooler system, purchased
from Janis). The first stage of the cryocooler is 40 K and the second stage is 5 K. If too
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much heat is loaded onto the cryocooler, it will fail to keep the two stages at the specified
temperatures. The second stage is capable of absorbing 1.5 W of power. The LNAs must
be held as close to 5 K as possible in order minimize their noise temperature. The decay
cell needs to be held at ~100 K so as not to freeze out the ®™Kr that we used to calibrate
and sanity check the RF system and DAQ. Once we transitioned to taking data with ®He
and "Ne (and away from %3mKr), we used a copper braid to reduce the temperature of the
decay cell to ~80 K in order to further reduce RF noise. Photonic crystals, two on either
side of the RF system, (discussed above, shown in Figure are used as thermal breaks
between the decay cell and the LNAs, as they would otherwise be in direct thermal contact.
A copper box (seen in Figure connected to the first 40 K stage is used to thermally
shield all 5 K components. Copper bars (often referred to as the ‘heat bus’) are mounted to

the copper box and bring cooling to the components in the cylindrical nose containing the

RF components (see Figure [3.2)).

To further reduce the heat load as much as possible we have wrapped the majority of
components, within our vacuum system in super-insulation consisting of 6-10 alternating
layers of polyester tulle and aluminized Mylar. This successfully cut down on the heat
power from black-body radiation dumped onto the cryocooler (see left side of Figure .
We have coupled different components to heat sinks (such as the copper box and copper
bars) via copper braid in order to fine tune their temperature. We use silicon diodes and
platinum resistance temperature detectors (RTDs, suitable for high field regions) to monitor
the temperatures of key components. The temperature distribution of the apparatus is
currently satisfactory in that the temperature of the terminators, amplifiers, and waveguides
are sufficiently low as to satisfy our RF noise budget (discussed in Section . The copper
clam-shell on which the electron trap coils are wound is cold enough to ensure there is not
runaway current in the trap coils. Table [3.3] and Figure [3.3| provide an overview of the

temperature distribution profile of the apparatus.



Figure 3.22: Labeled design drawing.

found in Table
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Legend and temperature ranges for labeled components

Component name Temperature (K) | Label in Figure [3.22
LNAs, (both stages) 7 A
Copper box 40 B
WR-42, (U and I-side) | 65— 75 C
Terminator/Attenuator || 10-20 D
Copper bars 40 — 50 E
Decay cell 70 — 100 F
Clam-shell coil form 40-50 G

Table 3.3: Temperature ranges for components in He6-CRES apparatus. Corresponding
labeled design drawing found in Figure W
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3.5 DAQ

From the ambient receiver the 0.1 — 1.2 GHz signal is brought to a ROACH2 FPGA board
(designed by the CASPER radio astronomy collaboration [I7]) that digitizes the time-series
data at 2.4 GHz in ~ 3.4 us segments, then converts each segment into the frequency domain
by fast Fourier transform (FFT). The magnitude of the FFT is taken (phase information
is lost) and adjacent time slices are summed (resulting in ~ 6.8 ustime slices) to save a
factor of 4 in data rate relative to the time domain signals. The data is then transported
to our Cave 1 DAQ computer via a 10 Gigabit Ethernet (GbE) cable and written to disk
at &~ 600 MB/s. The DAQ computer has ~10 TB of disk space (O(10* s) of CRES data),
so data is transferred via an rsync to a 60 TB RAID 2 drive that is built into the CENPA

computing cluster (rocks). Analysis can then be conducted from within rocks.

The ROACH2 FPGA board was programmed as a broadband spectrometer with the
Xilinx software (version ISE 14.7) following public tutorials created by the CASPER collab-
oration. The Xilinx software outputs a ‘bitcode’ which is transmitted to the board CPU on
boot-up and contains instructions on how the board should program itself. The ROACH2
uses a rubidium-based 10 MHz reference as it’s internal clock (Part info: Stanford Research
Systems PRS10 10 MHz rubidium oscillator). A 0 — 6.0 GHz signal generator is used to
calibrate the ROACH2 ADC cores’ phase, offset, and gain (removing artifacts at integer

divisors of the sampling rate).

The choice to not write time domain data to disk was motivated by the desire to maintain
a large frequency bandwidth. To write out time domain data we would have had to reduce
the active bandwidth by roughly a factor of 4 to have sufficient data throughput given our
current hardware constraints. The choice to take FFTs in real time necessitated choosing a
fixed number of samples per FF'T, N, to hard-code into the FPGA board. Future iterations
of the experiment will need to consider if this was the optimal approach. If you increase
N for a fixed sampling rate f; (currently 2.4 GHz) then you increase the time per FFT At

(slice length) and decrease your frequency bin width Af while maintaining the same total
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bandwidth f/2 (with N/2 positive frequency bins). The relationship to keep in mind is,

Af = Ait = % (3.9)

The SNR of a chirp of slope m (Hz/s) is highly dependent on the choice of N. There is a
balance to be struck between the noise power in a given frequency bin which scales linearly
with Af, and the time a signal is present in a given Fourier bin which scales with At. The

optimal SNR is obtained when,

e
Jm

Appendix [A] provides a simple proof for why the SNR of a chirp is optimized by the

Af=+vm = Nopima = (3.10)

condition given in Equation In the energy regime of interest (0 - 2.2 MeV) we primarily
observe event slopes between 10°Hz/s and 1.5 - 10" Hz/s (more discussion on track slope
vs energy in Chapter @ These slopes correspond to Nyptimar € (21%6,2192). Given that the
ROACH?2 must be programmed with N as an even power of 2, we chose to use N = 213,
which corresponds to 212 = 4096 frequency bins. This corresponds to a frequency bin size of
292.97 kHz. Note that for lower energy ®¥™Kr data (discussed more in Chapter @, a bitcode
with N = 216, which corresponds to 2!° = 32768 frequency bins and a frequency bin size of
36.62 kHz was used.

The SNR in the main Fourier bin for a fixed-power chirp vs the slope for different DAQ
number of frequency bins in log base 2 is shown in Figure [3.23. This plot illustrates that
regardless of the optimal choice of N, SNRs will roll off for higher slopes. As stated above, we
choose to conduct all Phase I measurements with one bitcode (with N = 2'3) for simplicity.
This implies there is a slope-dependent SNR response. This effect is cancelled to first order
in the ratio but future versions of the experiment could obtain a significant increase in
signal SNR (and therefore event rate) by writing time domain to disk and using match-
filtering with different templates for each slope and corresponding field to resolve chirps.

Significant hardware development will be necessary to do this without a factor of 4 reduction
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in bandwidth.

Each slice is composed of 4096 (8 bit resolution) frequency bins. Data is streamed from
the ROACH2 to the DAQ computer over the 10 GbE as User Datagram Protocol (UDP)
packets, with one slice per UDP packet. Each packet contains a 32 byte header (8 bits = 1
byte) that includes a sequential packet ID that wraps around to 0 at 22°. Thus each packet
is 4128 Bytes, and a 600 MB/s data-rate implies ~ 1.5 x 10° packets/s. Initially, given this
high packet rate, chunks of dropped packets causing large O(10 ms) gaps in spectrograms
plagued us. Ultimately, instructions found in Reference [18] describing how to optimize the
Ethernet Network Interface Card (NIC) transmit queue and socket receive buffer size in a
Linux machine for fast transmission of UDP packets resolved this issue. We now only observe
a few dropped packets for every 100 s of CRES data taken (fraction dropped now ~ 1077,
down from ~ 1072 before the network improvements).

A receiver script written in C++ using low level socket libraries is responsible for writing
data to disk as binary files. We have given our frequency-domain data files the file extension
.spec. In order to keep file sizes reasonable each spec file typically contains one second
of CRES data (=600 MB). Initially, this receiver was designed in a multi-threaded fashion
where there were three active threads; one writing, one receiving, and one waiting. This
prevented any downtime, meaning data was continuously written to disk. We found that
this multi-threading was also contributing to dropped packets so we currently have only one
active thread that receives 1 s worth of packets (= 1.5 x 10° packets), and then writes them
to disk, and repeats. The ratio of receiving time to writing time (not receiving packets) is

roughly 1:1.
3.6 DMagnet

To provide the main magnetic field for CRES measurements, we obtained a refurbished 7-
Tesla AMI superconducting magnet (serial number 8946) from our collaborators at Argonne
National Laboratory. The magnet’s bore is horizontal and designing a movable experimental

insert would prove challenging with the complex and rigid vacuum system that supplies
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created by Nick Buzinsky of He6-CRES.
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Figure 3.24: Design drawing of He6-CRES apparatus, super-conducting solenoid and the ce-
ramic coated aluminum rails (on the floor) used to extract the magnet from the experimental

insert.

radioactive isotopes. We opted to put the magnet on ceramic coated aluminum rails with
Frelon-lined linear bearings allowing it to move on-axis in and out of position around a fixed
cylindrical experimental insert containing the decay cell and RF waveguides. The use of the
rails along with a stopper that aligns the center of the decay cell with the center of the magnet
bore allows for repositioning of the magnet relative to the bore to within ~ 1 mil. Figure|3.24]

illustrates the positioning of the magnet, rails, and the cylindrical insert assembly.

The magnet is composed of an outer liquid nitrogen (LN2) jacket with an inner liquid
helium (LHe) cryostat that the superconducting coils are situated within. Between the LN2
and LHe spaces is a vacuum space and layers of super-insulation to minimize the thermal
load on the LHe space. We are fortunate to share a facility with the Axion Dark Matter
eXperiment (ADMX), who have a helium recovery and liquefaction system for their own
superconducting magnet. We constructed a ~ 150—ft helium gas recovery line from our
superconducting magnet to their system allowing for the capture and re-liquefaction of our

boil-off helium. Given that we boil off 3 — 4 % of our 200 liter LHe magnet cryostat (6 — 8
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liters) per day and LHe is /200 USD per liter (in 2023), this greatly mitigates running costs.
Over the past five years safe procedures have been developed for all magnet processes; filling
the magnet with cryogenics routinely and during an initial cool-down, ramping the magnet

up and down in field, retracting the magnet, etc.

With the magnet retracted from the experimental insert, the magnetic field is mapped
using a PT2025 NMR Precision Teslameter system from Metrolab. This Teslameter system
achieves S5ppm absolute accuracy and 0.1 7" resolution for measurements and mappings of
magnetic fields in the field range of interest (0.5 - 5.0 T). The magnet is quoted to be able
to achieve 1 ppm/cm homogeneity at the center of the bore. It was found that without
shimming the field homogeneity in the region of interest (within the center of the decay cell)
was &~ 15 ppm/cm for the main field values of interest to this work (.75 T - 3.25 T). With
shimming we found we can obtain &~ 2 — 5 ppm/cm but in the short term shimming at each
field of interest is too time-consuming to be practical. The un-shimmed level of uniformity
is more than sufficient for the measurements shown in this thesis, however future iterations
of the experiment will need to be more concerned with field determinations. The main field
needs to be known to within O(10~%) relative uncertainty for a O(1073) uncertainty in bpjc;.,
which is easily attainable with this magnet.

To allow for precise real-time monitoring of the main field during data acquisition a
stainless steep tube welded to a circular vacuum flange was built into the end of the cylindrical
insert assembly (see Figure . During data acquisition the NMR tube is slid into the
end of the ‘re-entrant’ tube, allowing for the probe to be within &~ 3 cm of the center of
the decay cell. Future versions of the experiment can use a full field map (done previous to
data acquisition) to extrapolate from the NMR probe value to the field value at the center
of the decay cell. Because this difference in field is of @(100 ppm) or less, we are safe to just
use the field value at the NMR probe as the main field in this work. For the spectral ratio
measurements shown later in the thesis it is more crucial how well matched the field values
used for the two different spectral measurements are (these data are taken days or months

apart). The repeatability of the field (distinct from the precision of our knowledge of the
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Figure 3.25: Design drawing of the ‘re-entrant’ tube (coming in from the left) used to put
the NMR probe in close proximity to the decay cell during data acquisition. The three dark

bands at center are the magnetic trapping coils.

field) is about 1073 and will be discussed in more detail in Chapter [6]
3.7 [ monitor

As was discussed briefly in Section [3.1] the need for a stable § monitor for spectral normal-
ization is critical to our measurement technique. For a 10~% measurement of bpje,., the
monitor must have a 10~* relative stability over the period of data acquisition, as will be
discussed in more detail in Chapter Here we describe the two [ monitors we use and
present their stability.

To monitor radioactivity during data acquisition and run production tests, a decay volume
consisting of a 3.8-cm-diameter 12.5-cm-long SS cylinder (a standard Conflat nipple) with a
0.127-mm-thick copper window, connected to the rest of the system as shown in Figure 3.5,
is used. Most of the time a beta monitor detector is placed in front of the copper window.
This consists of a 2-cm-by-2-cm 5-mm-thick scintillator (Eljen Technologies, EJ-212) read
by 4 SiPMs (Hamamatsu S14160-3050HS) with power supplies compensated for temperature
variations (Hamamatsu C11204-02) to yield high response stability. A thin single scintillator
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was chosen over telescope systems to minimize variations in efficiency due to small gain
changes.

In addition, at times, a beta telescope system is used instead in order to place upper
limits on radioactive contaminants with higher endpoints than the radioactivities of interest
(described above). This telescope consists of a 3-mm-thick (AFE) followed by a 5.1-cm-thick
(E) scintillators, both about 5.1 cm in diameter, read by individual phototubes.

During the ratio measurement data campaigns presented in Chapter [0, both the beta
monitor and the beta telescope were used for spectral normalizations. The specific reasons
for this will be discussed in Chapter [0, The stability of the monitor over time scales equivalent
to the time it takes to measure one isotope is what is relevant experimentally. We conduct
stability tests over a 24 hour period, as all data campaigns were more or less contained within
24 hours. Longer stability tests will need to be conducted when longer data campaigns are
needed.

We use three metrics to assess the stability of the two monitors; the Allan Deviation, the
rolling average rate over time, and the mean bin (a proxy for the gain). The Allan Deviation

is given by [95],

oy(7) = V(U1 — Un)?) (3.11)
where 7, is the nth fractional frequency average over the observation window 7. The
fractional frequency is the normalized difference between adjacent bin rates over time 7.
Intuitively, the Allan deviation starts off large for small 7 due to large fluctuations over
small averaging times. It decreases at longer 7 because you are averaging out the noise but
at some point it begins to rise again due to systematic effects such as gain drifts, temperature
changes, etc. The time scale of 7 at which this increase occurs tells you the time scale over
which the frequency is stable. The rolling average rate over time provides information about
the magnitude of this instability.
Figure |3.26] and Figure [3.27]show the stability metrics for the beta monitor and the beta

telescope respectively. This data was obtained with a “’Sr source that generates 3s (via
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decay to the shorter lived °Y) with mean energy = 0.93 MeV. The average rate and mean
bin presented in the left plot of Figure [3.26] and Figure [3.27] are normalized to unity for easy
stability assessment. In Chapter [5| we will discuss the monitor stability needed to reach a
1073 measurement of bp;.,». To first order an Allan deviation stable down to 107 is needed,
which we haven’t yet reached. Development in this area of the experiment is ongoing. The
levels of stability presented here are easily sufficient for the O(10™!) proof-of-principle by,

determination demonstrated in this thesis.
3.8 DAQ user interface and SQL database

The He6-CRES data acquisition system user interface (DAQ-UT) enables the experimenter to
take CRES data and monitor slow controls data (such as magnetic field strength, 5 monitor
rate, vacuum pressures, etc.) remotely. This is necessary given that the DAQ computer in
Cave 1 is within a high radiation region during CRES data taking (see Figure 3.4). The
user interface is responsible for making the initial connection between the DAQ computer
and the ROACH2 FPGA board and providing the instructions for the programming of the
board (the bitcode). Once programmed, the ROACH2 continually streams data over the 10
GbE connection towards the DAQ computer, as was discussed in Section [3.5] However, data
is only written to disk when the user sends a command over the DAQ-UI. Data is typically
acquired in an acquisition of 100 (= 600M B) spec files, each containing 1 continuous second
of CRES data. Each of these blocks of data is assigned a unique run_id, each file in the
block is assigned a unique spec_id, and each spec file name contains the date and time the
spec file was written to disk (DATE_TIME.spec).

The user initiates an acquisition (or run) with the method CLI.take FD_data(args) (CLI
indicates an instance of the DAQ-UI class) and provides (as arguments) the number of files to
acquire, the length of each acquisition, the isotope being studied, the main magnet set-field,
the RF side being used (U or I-side), notes on the run, and whether or not to delete and
rerun files with any dropped packets. When a run is started, all of the arguments described

above and all relevant slow controls data are written to the He6-CRES PostgreSQL database
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Figure 3.26: Stability of beta monitor. Top: Allan deviation over a 24 hour stability run.

Bottom: One hour rolling normalized average of the rate and mean bin (a proxy for the

monitor gain).
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Figure 3.27: Stability of beta telescope. Top: Allan deviation over a 24 hour stability run.

Bottom: One hour rolling normalized average of the rate and mean bin (a proxy for the

monitor gain). Note that “tau” is the observation window for the Allan deviation whereas

“Time” refers to the wall-time associated with the test.
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(referred to as the he6cres_db).

There are four tables within the he6cres_db that get written to during data acquisition:
run_log, spec_files, nmr, and monitor. The run_log and spec_files tables get written to
each time data is acquired whereas the nmr and monitor tables are written to continuously
every 2 — 10 s during a sustained data run and contain the NMR probe value and the (8
monitor rate respectively. This enables the experimenter to monitor the radioactivity and
field stability separate from data acquisition in order to decide when it’s appropriate to begin
an acquisition. The nmr and monitor tables are used to assign a field value and monitor
value to each 1 s data file, as is discussed in Chapter [0l Details on each column of the four

tables (run_log, spec_files, nmr, and monitor) is found in Appendix .
3.9 RF noise and SNR characteristics

The noise temperature of the apparatus, and the resultant signal-to-noise ratio (SNR) are
crucial components of the He6-CRES experiment that have a strong impact on the CRES
event rate. In this section we cover the most important (both expected and measured) noise

and SNR parameters of the Phase 1 apparatus.

3.9.1 RF noise background equations

Chapter 10 of Reference [88] has excellent explanations regarding the noise characteristics
of RF systems. We summarize the equations and concepts needed for this discussion.
A white noise source with gain G' and noise power N can be modeled as a resistor of

temperature T,. The equivalent noise temperature of the source is given by [88],

N

Le=Grp

(3.12)

where k is Boltzman’s constant and B is the frequency bandwidth of the component or
system. Microwave components of all kinds are characterized by their equivalent noise tem-

perature T, which intuitively describes what temperature resistor would create the level of
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noise produced by the component, given the bandwidth B. Since bandwidth is generally
independent of noise characteristics it is often useful to discuss the noise density of a system

or component,

Ndensity

T, = , 3.13

Gk ( )
where 7Ngensity has units of dBm/Hz.

The equivalent noise temperature of a lossy transmission line (for example a piece of

waveguide) at physical temperature T is given by [8§],

1

T,=(L—-1)T = (5 - 1) T. (3.14)

Here L = é is defined as the loss. The intuition for this formula is that if the transmission
is perfectly lossless, the gain will be 1 and the equivalent noise temperature of the trans-
mission line will be zero because none of it’s temperature is coupled into the system. For
our purposes this means that the better transmission we have the lower the total equivalent
noise temperature of our entire RF system and the larger our expected SNR.

If multiple RF components are connected in series the cascaded equivalent noise temper-

ature Ti,s of the entire RF system is given by [88],

T, T,
Tcas = Tel + —= + >

1
G G1G2+ (3.15)

Here T,; and G; are the equivalent noise temperature and gain of the i*® component in
the series. Given the nature of our apparatus, one would also like to know the expected
output signal-to-noise ratio (SNR) for a signal originating at the beginning of a cascade of
RF components. If S is the signal power at the source, GG is the total linear gain of the
multi-component RF system, and T, is the cascaded noise temperature of the system then

the SNR at the output of the cascade will be given by,
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Gs S
GkBT.,, kBT.,s

SNR = (3.16)

We see that the total gain actually cancels from the equation and doesn’t contribute to
the SNR. It is the T,,s in the denominator, which is dominated by the physical temperature

and gain of the early stages or components of the cascade, that matters.

3.9.2  Simplest working model of the He6-CRES RF system

The key take-away of Eq is that it is the early stages of the RF system that determine
the noise characteristics. Therefore it is these early stages, such as the terminator, decay cell,
WR-42 waveguide components, and the first stage Low Noise Amplifier (LNA) that should
be engineered (or purchased) in order to obtain the lowest possible noise floor and highest
possible CRES SNR. The cascade analysis discussed below in Subsection [3.9.4] models the
entire RF system from the decay cell to the input to the ROACH2 ADCs. This is important
to understand the absolute powers input to the ROACH2 ADCs we expect to obtain from
CRES events or noise but it isn’t necessary to track all of these RF components to pin down
what SNR we expect. The equivalent noise temperature is essentially fixed by the time the
signal exits the second stage LNA. As a concrete illustration of how little the components
after the second stage amplifier matter; for reasonable input parameters the equivalent noise
temperature changes from 30.28 K to 30.30 K (a 0.06% change) from the output of the
second stage LNA to the input of the ROACH2 ADC.

Below is the simplest working model for obtaining the (technically approximate) cascaded

equivalent noise temperature of the current He6-CRES RF System (Ti;s).

Te2 Te3
G, GiG,

1
Teres = Therm + 11 (_ 1) + (317)

G
Table [3.4] indicates how each part of the apparatus is represented in Equation [3.17} The

first term of Equation [3.17]is the terminator’s physical temperature. What is relevant is the
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Parameter Denoted in Equation |3.17]
Terminator Temperature (K) Tierm
Waveguide Temperature (K) T

Stage 1 LNA Equivalent Noise Temp. (K) || To

Stage 2 LNA Equivalent Noise Temp. (K) | i3

Gain of Waveguides (linear) G
Gain of Stage 1 LNA (linear) Gs
Gain of Stage 2 LNA (linear) Gs

Table 3.4: Symbolic legend for Equation [3.17]

temperature of the terminator that is connected to the side of the apparatus of interest; it
is the U-side terminator temperature that effects the U-side noise level. This is due to RF
reflections that are discussed in Section [3.9.3] The second term of Equation [3.17] comes from
the (minimally) lossy waveguide components that transport the signal from their source to
the circulator and is derived using Equation This groups many waveguide components
and the decay cell into one term, which is simplistic. But since it is the waveguide components
(mainly the quarter wave plate and WR-42 to circular waveguide transition) near the decay
cell that have the most loss in this chain and these components are all at approximately a
single temperature, it is a reasonable simplification. The third and forth terms represent the
LNA contributions. One can see that the fourth term is largely suppressed by the gain of the
first LNA. It’s contributions are relatively minuscule for our current RF configuration (on
the order of .1% in the total noise temperature of the system). The term is left in place in
case future iterations of the experiment were to consider what type or quality of 2nd stage
LNA they could install without SNR degradation. For example Equation can be used

to consider if a room temperature 2nd stage LNA could be viable.
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This model can be used to gain an intuition for what parts of our RF system have the
largest impact on the noise temperature and then Equation |3.16| can be used to investigate

the corresponding SNR of a CRES signal.

3.9.3  Signal injection for RF calibration

The ability to inject CRES-like signals into our apparatus and verify that the entire RF chain
is working as expected was crucial to our initial sanity checking of the entire RF chain and
to our first CRES detections. This was accomplished by injecting signals into the third port
of the circulator situated below the LNA chain and having that signal reflect off of the decay
cell assembly and travel back towards the LNA as a CRES signal would (see Figure .
Below we discuss the microwave theory behind why this reflection takes place and also present
measurements done to verify our theoretical understanding. The Vaunix LMS-203 Lab Brick
Signal Generator (10 - 20 GHz) is what we used to generate these injected signals.

For circularly polarized radiation sourced from a 8 within our decay cell the quarter wave
plates at either end of the decay cell must be aligned (they must share the same slow axis)
in order to get signals propagating to both ends of the RF system. The circularly polarized
light must be transformed to the one linear polarization state that propagates in the WR-42
(within our bandwidth), corresponding to E perpendicular to the long edge of the rectangular
guide. Below we will illustrate why a signal injected via the third port of the circulator is
reflected off of the decay cell assembly. The RF waveguide (WG) components of interest
are, from —2 to +2; WR-42 rectangular WG, a rectangular to cylindrical WG converter, a
quarter-wave plate, the decay cell (cylindrical WG), another quarter-wave plate, a cylindrical
to rectangular WG converter, and another piece of WR-42 rectangular WG (see Figure m
for a visualization of these components). The center five components are collectively referred
to as the decay cell assembly.

Whether the dielectric lies in & or ¢ as labeled in Figure [3.2§] is a function of the main
magnetic field direction. Here we assume the dielectric lies in the ¢z — plane and that

the incoming signal from the Vaunix is travelling in the +2 direction. To analyze the signal
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propagation, we will represent the polarization of the fields as a Jones vector and the quarter-
wave plate as a matrix operating on said vector [3].

For frequencies in our bandwidth (17.9 —18.1 GHz) the T E1y WG mode is excited within
the rectangular WR-42. Since F, = 0 in the TE modes of propagation we can represent the

electric field as,

Ey(t)| | Eopemettoo) Eoq €'
E(t) — Ey (t) = EOy ei(kZ*WtJrﬁby) = EOy ei(by ei(szwt). (318)
0 0 0

Note that the physical electric field is the real part of this vector. The Jones vector

representing the above transverse wave is,

EO:L" €i¢w
E= . (3.19)
Egy ety

WR-42 waveguide

quarter-wave plate dielectric

Figure 3.28: Axis definition relative to quarter wave plate dielectric and WR-42 waveguide.

The electric field associated with the Vaunix signal will be linearly polarized perpendicular

to the long axis of the WR-42 WG, propagating via the T'E;y mode. In the coordinates we

1 0
defined above (& = U= ),

0 1
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1 1
Einitial :E 1 . (320)

The dielectric plane defines the “slow” axis. Thus the quarter-wave plate’s matrix S

operates on the polarization vectors as

S = . (3.21)
0 1
Since the Vaunix signal will see two of the same quarter wave plates in series, what is

most relevant to our calculation is S2,

S? = : (3.22)
0 -1

So after the second quarter wave plate the polarization of our signal will be,

Efinat = S Einitial = N N : (3.23)
V2 (o —1] |-1| V2|1

This results in an electric field polarized parallel to the long axis of the WR-42 WG.
The lowest order WR-42 mode that propagates radiation in that orientation is the T Ey;
mode which has a cutoff of: f.01 = 34.7GHz. Since all of our signals are well below this
frequency the radiation is reflected off of the cylindrical to rectangular WG converter back
towards the decay cell. Where exactly this reflection takes place is a function of when the
relevant dimension becomes too small to allow for the propagation of a ~18 GHz signal,
which is somewhere in the gradual taper of the converter from circular to rectangular. There
is a m phase shift of the entire Jones vector upon reflection but the polarization axis of the
radiation remains the same. Since this phase shift has no bearing on the polarization axis
we will ignore it. Now the reflected signal travels back through the two quarter wave plates.

The slow axis of the quarter wave plate is unchanged by the reflection of the radiation

so we can again apply S?:
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Ereficctea = S* + Epinal = L bo ! = L ! = Finitial- (3.24)
V2 o —1f [1] V2 |-1

We see that the resulting polarization lies in the axis perpendicular to the long side of the
WR-42 WG. This will propagate back towards the LNAs and the RF source via the WR-42
T FE1o mode. We can also see that if the slow axis of the quarter wave plate was & as opposed

to 9, we would find the same results because S* = I (the identity matrix) in either case.
With similar reasoning to above, if the two quarter wave plates are perpendicular to one
another, meaning one has the slow axis in the §yZ—plane and the other in the 22— plane, then
we would expect transmission through the two quarter wave plates. Note that we wouldn’t
have the quarter wave plates in this configuration during data taking. A signal originating
on the I-side will propagate through the decay cell to the U-side amplifiers and likewise for

the inverse. Here we let S’ be the action of the quarter wave plate with the dielectric in the

2z — plane on the polarization vectors.

S = 1. (3.25)

Epina = S+ S+ Eiitial = B L ! -1 O = Einitiar (3.26)
V2 o i| [0 —i| [-1] V2o 1| |-1

From Equation [3.26| we see that the initial polarization is unchanged by the action of two

orthogonal quarter wave plates in series, regardless of which orientation of dielectric comes
first (S'S = SS" = 1), leading to transmission across the decay cell assembly.

Measurements were taken to validate the above understanding. The Keysight Field-

Fox Handheld Microwave Analyzer (0 - 26.5 GHz) was used to measure the reflection and

transmission from U to I side and visa-versa with the two different quarter wave plate con-

figurations (parallel and orthogonal) over a 18-20 GHz bandwidth. Note that when this

measurement was done we thought 18-20 GHz would be our DAQ’s frequency bandwidth.



93

QWPs Parallel (dB) QWPs Orthogonal (dB)
Uout I out Uout I out
Ui -2.5 =257 -25.7 -2.5
I 957 -2.5 25  -257

Table 3.5: Summary of the test to investigate the reflection and transmission through the

decay cell as a function of the quarter wave plate (QWP) configuration.

The results shown in Table|3.5|are the average over this frequency bandwidth. The setup used
to take the measurements is shown in Figure[3.29, The results validate the above understand-
ing in that when we expect reflection (parallel quarter wave plates), there is predominately
reflection (more than two orders of magnitude more power reflected than transmitted), and
likewise for when we expect transmission (orthogonal quarter wave plates). The symmetry
of the results indicate that the U and I-side RF paths, despite being different lengths and
one including a U-bend, have approximately the same loss. It is also surprising that the
transmission loss is the same as the reflection loss as the transmitted signals travel through
a quarter wave plate twice whereas the reflected signals travel through a quarter wave plate
four times. This could indicate that the quarter wave plates are not a major source of RF

loss.

3.9.4 Comparison of cascade analysis to measurement
3.9.4.1 Cascade analysis: assumptions and limitations

A cascade analysis of the He6-CRES apparatus was initially conducted by Jonathan Tedeschi
(PNNL). The goal of the analysis is to estimate the noise and signal characteristics of our RF
system by cascading the noise and signal power from the signal origin (decay cell), through

all RF components out to the ambient receiver. It works on similar principles to the simple
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Figure 3.29: RF setup used to measure the reflection and transmission through the decay
cell assembly for both parallel and orthogonal quarter wave plate configurations for signals
originating on the I-side. The locations of the coax to WG adapters on the circulators were
reversed to measure signals originating on the U-side. We had the terminator in place of
the RF twist when the measurement was actually taken, though we found the results didn’t

depend on the termination of the open circulator port.
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RF model presented in Equation but it accounts for all components of the RF chain.
This enables us to have quantitative expectations of the noise power, signal power, and SNR
input to the ROACH2 FPGA board. Whenever possible measured values of quantities were
used, however with certain RF components all we had were the RF properties quoted from
the manufacturer data-sheet.

The only values that have a significant impact on the SNR for which we need to rely
on the data-sheet and not measurement are the LNA equivalent noise temperatures (Stage
1 and 2). The noise temperature for the LNAs is quoted for a 4 K ambient temperature.
Since our LNAs are typically held around 5-7 K it’s unclear exactly what equivalent noise
temperature we should expect. We use 9 K for both the first and second stage LNA here as
that is at the upper end of what the data-sheet quotes for a 4 K ambient temperature. This
input adds the most to the level of uncertainty to the results of the cascade analysis. The
components after the second stage LNA have very little impact on our SNR, as discussed in
Subsection [3.9.2 and therefore uncertainties in their quoted equivalent noise temperatures
are not very important. Table [3.6| provides a list of the import parameters used as inputs to

the cascade analysis.

3.9.4.2 Network analyzer measurements

Measurements of the noise floor, expected SNR, and other important RF parameters were
taken with the Keysight FieldFox Handheld Microwave Analyzer (0 - 26.5 GHz). The
measurements were conducted by taking advantage of the reflection of the RF signal off of
the two quarter wave plates situated on either side of the decay cell as discussed in Section
Signals were injected via the stainless steel SMA cables that connect to the third port

of the circulator as discussed in Subsection [3.4.2]

Single frequency tones created by the Vaunix LMS-203 Lab Brick Signal Generator (10 -
20 GHz) were injected via the vacuum feedthroughs. These signals make their way through

the stainless steel coaxial cable, attenuator, adapter, and circulator and travel through the
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Parameter Value
CRES Signal Power (dBm) -120
Stage 1 LNA Equivalent Noise Temp. (K) 9
Stage 2 LNA Equivalent Noise Temp. (K) 9
Terminator Temperature (K) 28
Waveguide Temperature (K) 85
LNA Pair Total Gain (dB) 63
FFT Channel Bandwidth (kHz) 36.62
Waveguide Loss from source to first LNA (dB) | -1

Table 3.6: Important inputs to the cascade analysis.

RF waveguide system towards the decay cell. At the decay cell they are reflected by the two
quarter wave plates that are configured orthogonally relative to one another and travel back
towards the circulator, and then up into the LNA chain the way a CRES signal originating at
the decay cell would. Measurements were conducted to determine how much power a signal
lost between it’s injection at the aluminum box feedthrough and the point of reflection in
the decay cell. This value was then used to determine what power tone would be necessary
to correspond to an effective CRES signal of -120 dBm (1 fW) originating at the decay cell.
The loss from the point of injection to the decay cell was found to be -24 dB, which includes
the 20 dB attenuator. So a signal of -120 dBm + 24 dB = -96 dB was injected at the
feedthrough. There is roughly a 1-2 dB level of uncertainty on all of these measurements due
to the frequency dependence of this 24 dB loss. The Vaunix Signal Generator can produce
signals of minimum power -30 dBm, so a series of high-frequency coaxial attenuators were
used to obtain the desired signal power and the power was verified with the FieldFox before

injection.
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Eleven measurements were taken for the U and I-sides respectively, spanning our current
effective frequency bandwidth of 18.0 — 19.1 GHz in 100 HMz steps. For each measurement a
tone was injected and a noise floor over the same bandwidth (with the tone off) was measured
with the FieldFox. Each FieldFox measurement consists of 400 bins each of bandwidth 750
Hz. The noise was calculated as the average noise power over the 3 MHz total measurement
bandwidth with the signal off and was scaled so as to compare to the frequency bin size of
36.6 kHz used in the cascade analysis. Note that this study was done using the bin size used
for ¥mKr CRES data so as to compare to the CRES SNR observed for ™Kr (the study
was conducted before the observation of higher energy CRES events). The signal power
was obtained by taking the maximum power over all bins. The FieldFox was returning the
average over 1000 FFT outputs so the strength of these tones were constant in time. We
also verified that the tone was always sharp enough to land in one bin and wasn’t split into
multiple bins. Figure presents the signal power, noise power, noise density, and SNR
measured for an effective CRES signal of -120 dBm originating at the decay.

3.9.5 Comparison

A comparison of the cascade analysis results and network analyzer measurements for im-
portant noise and signal parameters is presented in Table 3.7, In comparing the cascade
analysis to measurement, we are attempting to make sense of the magnitude of our observed
noise floor and SNR, not to fully characterize and understand their frequency dependence.
We compare the results obtained from inputting the Table values into the cascade anal-
ysis with the mean measured value obtained across our (18.0 - 19.1 GHz) bandwidth (one
measurement per 100 MHz, totalling 11 measurements) for both the U and I-side as seen in
Figure [3.30]

Given that both the cascade analysis and the FieldFox measurements have uncertainties
on the order of 1-2 dB their results are consistent. This comparison gives us no reason to
believe our model of the RF noise and gain is missing essential elements. The purpose of this

comparison is to validate our cascade analysis model and to validate our understanding of
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what RF components contribute most significantly to the total noise power and SNR. Since
the results of the cascade analysis and of the simple model presented in Subsection [3.9.2] are

effectively identical (to within ~ .1%), this comparison lends validity to the simple model as

well.
Parameter Cascade Analysis Measured Measured
(I-side) (U-side)

Full Reciever Gain (dB) 79.9 80.0 80.0
ADC Input Signal Power (dBm) -40.1 -39.7 -39.6
ADC Input Noise Density (dBm/Hz) -101.1 -99.7 -101.7
Integrated Noise Power to ADC (dBm) | -55.5 -54.1 -56.1
SNR for RMS thermal noise (dB) 15.3 14.4 16.5

Table 3.7: Comparison of the cascade analysis and the network analyzer measurements. The

SNR quoted in the last line is for a -120 dBm (1 fW) signal.

3.9.6  Discussion of other relevant RF measurements
3.9.6.1 3™Kr mean SNR

The maximum power coupled into the TE11 mode of the decay cell expected for a 32 keV
83mKy conversion electron at 0.70 T is ~.84 fW. This corresponds to a 3 perfectly centered
in the cylindrical waveguide and with a pitch angle of 90°. The maximum SNR we observe
for the 32 keV betas is ~22. Assuming linearity, this means that a -120 dBm (1 fW) signal
would have an SNR of ~26.8 = 14.3 dB. This assumes that we have enough statistics to
observe a CRES event with this maximum power condition (centered, pitch angle = 90°)
which is reasonable given that this is the max SNR observed over more than 10,000 32 keV
CRES events. This calculation is rough and doesn’t account for the slope dependence of the

SNR, though this should be a small (O(1)) effect at the low slopes we observe with 33mKr.
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Given this caveat, the calculation is still a meaningful sanity check, and is in good agreement
with the expected SNR of a -120 dBm signal found from both measurement and the cascade

analysis shown in the last row of Table [3.7

3.9.6.2 Noise floor with terminator only

Lowering the power of our noise floor with all else equal leads to a direct improvement in the
SNR of our CRES events. With this in mind a test was conducted where a cold (4.5 K) 50
2 (impedance matched) terminator was coupled directly to both the I-side and U-side first
stage LNAs. The configuration used for the test is pictured in Figure [3.31] This enabled us
to locate the lower limit of the noise floor we could accomplish without changing our LNAs.

The I-side noise floor for the entire RF system as configured for data acquisition and the
noise floor observed with only terminators coupled to the LNAs (as shown in Figure is
presented in Figure [3.32] The noise floors shown were constructed by averaging 1000 noise
spectra and then doing a 100 point spline fit on that averaged spectrum. The U-side results
look qualitatively similar.

The test indicates that the oscillatory behaviour of the noise floor (period ~100 MHz) is a
result of the waveguides themselves, not a feature introduced by the LNAs or any component
further down the RF chain. This is reasonable given that a 100 MHz frequency corresponds
to a 3m wavelength which is on the order of two times the length of the distance from the
circulator to the decay cell where signals are reflected and back. Subsection [3.9.8| expands
on this simplistic understanding.

The magnitude of the change in the noise power between the full RF system and the
system with only a terminator varies from less than 0.5 dB at the troughs to 3 dB at the
lowest frequency peaks. Using the terminator and decay cell temperatures relevant to this
test as inputs to the cascade analysis one finds that the expected decrease in the noise
power would be 0.6 dB (from -57.5 dBm to -58.1 dBm). This aligns well with observation,
though doesn’t attempt to account for the frequency dependence of the effect which via

constructive and destructive interference is complicating the situation. It is important to



100

note that the decrease in the noise floor predicted is highly dependent on the presumed
equivalent noise temperature of the LNAs which are not directly measured but are taken
from the manufacturer (Low Noise Factory) data sheet.

One can also compare the absolute power expected in these two cases to the power ob-
served by injecting a synthetic signal of known power directly into the ROACH2 and record-
ing the corresponding ROACH2 power. This provides a rough calibration of the ROACH2
output in absolute units of power. The ROACH?2’s response does have a frequency response
(~1 dB effect) but one finds on average that 1 arb. ROACH2 unit = -63 dBm of input to
the ROACH2 (for a ‘requant gain’ of 20). This can be used to see if the noise floors ob-
served in Figure are sensible in absolute units of power. If we assign the full RF system
noise floor a value of 6 arb. ROACH2 units and the terminator only noise floor a value of 4
arb. ROACH2 units then we get -56.0 dBm and -57.0 dBm of input power to the ROACH2
compared to a cascade analysis prediction of -57.5 dBm and -58.1 dBm respectively. This
can be considered good agreement given that both the absolute power calibration and the
cascade analysis are only accurate to within a few dB (given the variability of cable losses
and the frequency dependence we ignore). It is important to note that it is the SNR of our
signals, which is essentially fixed by RF system up to the second stage LNA, and not the
signal power input to the ADCs that matters to us. However, this comparison of absolute
power is important in validating that the gain and loss accounting being done in the cascade

analysis (from signal source all the way to the input to the Roach) is sensible.

3.9.6.3 Changing the waveguide temperatures

Another test was done to further our understanding of the noise floor where we changed the
temperature of the decay cell and looked at how the noise floor was affected. The magnitude
of the noise floor, as measured by the Roach, increased by 20 % (.8 dB) when the decay cell
temperature increased from 52 K to 133 K. The decay cell was heated with a heater made
of phosphor bronze wire wrapped around a small flat piece of copper that was adhered to

the top of the decay cell’s input gas port. The temperature of the decay cell was measured
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by a silicon diode on the bottom of the decay cell’s input gas port.

The cascade analysis, using the same inputs as Table [3.6| except for with the decay cell
temperatures specified above, predicts a 1.5 dB increase in the noise floor when the decay
cell temperature increases from 52 K to 133 K. In linear units this corresponds to a 40 %
increase, compared to the 20 % observed increase.

The 0.7 dB discrepancy may be explained by the fact that the heater and silicon diode
were on the same side of the cylindrical decay cell (attached to opposite sides of the gas
input flange) and therefore the temperature reading would likely be higher than the average
temperature over the entire copper body of the cell. This would mean that the 133 K value
is likely an over estimate of the actual temperature of the decay cell. The 52 K measurement
isn’t plagued by this issue because the heater was not used to obtain 52 K; that is just the
equilibrium temperature of the decay cell.

Additionally, it is our understanding that it is the temperature of the quarter wave plate
and rectangular to circular adapter that matters more than the decay cell itself because
that is where most of the loss is occurring. A more appropriate test would involve heating
the entire decay cell assembly (including the decay cell, and both quarter wave plates and
rectangular to circular adapters) and looking at the resultant change in the noise floor.

According to the cascade analysis the equivalent noise temperature goes from 51.5 K
to 72.5 K when the decay cell temperature increases from 52 K to 133 K. According to
Equation this leads to a 1.5 dB predicted decrease in SNR.

3.9.7 Considerations to optimize SNR

What is the best SNR the He6-CRES experiment can expect to obtain given our current RF
hardware? We can use the simple model presented above in Equation to investigate
this. Given the conservative values of a waveguide loss of 1 dB, a terminator temperature of
25 K, and a decay cell assembly of 80 K, the equivalent noise temperature one would expect
for the entire RF system would be around 56.5 K. This would result in an SNR (for a -120
dBm signal) of 15.44 dB = 34.99. In the absolute best case (by cooling everything down
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to the extent possible and getting rid of the photonic crystals) we could perhaps obtain a
waveguide loss of 0.5 dB, a terminator temperature of 10 K, and a decay cell assembly of 45
K. In this case the equivalent noise temperature one would expect for the entire RF system
would be around 25.6 K. This would result in an SNR of 18.88 dB = 77.27. This would
entail over a factor of 2 increase in SNR. An improvement larger than this will likely not be
possible with out current RF hardware.

It’s also interesting to consider what we could obtain with fundamentally better RF
hardware. If we had no waveguide loss and all other components (terminator and LNAs)
had a noise temperature of 4K we would obtain an SNR of ~25 dB for a -120 dBm signal
which would represent roughly an order of magnitude improvement in SNR relative to our
current system. This would drastically increase the number of events we see. It would
also likely drastically complicate the nature of our detectable signals because so many more

sidebands would be above the noise floor.

3.9.8 Reflection model of He6-CRES noise floor

The periodic peaks we observe in our noise floor can be explained by two reflections within

the RF system. The phase of the propagating wave is given by

¢(v) = zp(v), (3.27)

where [ is the frequency dependent phase constant.

There is some frequency 1, for which there is constructive interference between two
possible paths (direct and reflected) to the amplifiers. The next frequency for which there is
also constructive interference is obtained when there is one extra phase cycle on the longer

(reflected) path. Therefore,

21 = ¢(vo + Av) — (). (3.28)

By Taylor expanding to first order around v we obtain,
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1
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And since the length scale of interest is twice the distance between the reflections (z = 2¢),

then:

A _ il _ e AN (3.30)
YT o T i) ‘

The relevant cutoff frequencies (f.) for the He6-CRES apparatus are given by Equa-
tion (circular waveguide) and Equation (rectangular waveguide). As was discussed
in Subsection [3.9.3] injected signals are relatively efficiently reflected off the decay cell as-
sembly. This feature of the apparatus has the undesired effect of also reflecting any noise
excitations generated within the RF system. A reflected signal is also partially reflected by
the circulator (=~ 1.3 dB) according to the data sheet and measurements. The length scale
of interest () is the distance from the circulator to the far side of the decay cell (as was
discussed in detail in Subsection , somewhere in the circular to WR-42 transition. The
frequency scales of interest (Av) are the distances between the peaks in the observed noise
floors (see the noise floor for the I-side in Figure [3.32).

The RF system is composed of both circular and rectangular waveguide but since the vast
majority of the length is rectangular (= 90%) we do the calculations assuming propagation
only in the T'E}y mode of the rectangular WR-42 guide (cutoff 14.051 GHz).

Table 3.8 summarizes the results from modeling the oscillations in our RF noise floor as
resulting from these two reflections within the RF system. There is a few cm uncertainty
in ¢ caused by the ambiguity in exactly where the wave reflects off the waveguide assembly
and there is a few MHz uncertainty in Av (expressed in the ranges given in Table which
arise from how you fit the noise floor peaks, which aren’t perfectly periodic. Given these
uncertainties, there is good agreement between the predicted length scales (¢) based on our
simple two reflection model (Equation and the physical length scales of the two sides
of the RF system.
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RF side | RF noise floor Av (MHz) Physical length ¢ (m) Reflection Model ¢ (m)

I-side 97 - 100 1.034 975 - 1.005
U-side 64 - 71 1.441 1.373 - 1.524

Table 3.8: Comparison of the physical lengths between reflections to predicted lengths based
on the Av’s observed in the I and U-side noise floors. Predictions calculated using Equa-
tion The range of Avr values comes from ambiguity in how to determine the (not
perfectly periodic) spacing between noise peaks. The physical lengths quoted are from the
circulator to the far end of the decay cell assembly (the end of the circular to rectangular
adapter). There are inherent O(1 cm) uncertainties in where the reflections are taking place

within the adapter.

The large oscillations in the noise floor and therefore the SNR make analysis difficult
in that long events are coming in and out of being detectable[| Flattening the noise floor
would greatly improve our event reconstruction so the above understanding of the origin of
the oscillations in our noise floor is crucial to inform experimental redesigns that reduce RF

reflections (see Chapter [8).

3.9.9 Conclusion of RF noise and SNR characteristics

The above serves to summarize our current understanding of the RF noise and SNR of the
He6-CRES apparatus. The cascade analysis and the simple model expressed in Equation [3.17]
agree in magnitude with measurement via the FieldFox Network Analyzer. Other tests, such
as the terminator-only noise floor and the heated decay cell test can be made sense of with the
cascade analysis. The reflection model sheds light on the oscillatory nature of our noise floor.

A more thorough study of the RF noise and gain using HFSS or some other sophisticated

5Note that oscillations in the noise floor don’t necessarily imply oscillations in the SNR but in the case
of the He6-CRES apparatus the RF reflections that affect the noise floor also affect signals (and therefore
SNR).
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RF simulation software will be necessary to have a full handle on the frequency dependence

of the SNR and noise floor.
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Figure 3.30: Results from the network analyzer measurements. Eleven measurements were

taken over our current RF bandwidth, 18.0 - 19.1 GHz in 100 MHz steps.
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Figure 3.31: RF configuration used to measure the RF noise floor without the entire RF
waveguide assembly hooked up. This was to give us a limit on how much the noise floor

could plausibly be reduced by making the waveguides colder and less lossy.
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Figure 3.32: I-side noise floor for the full RF-system compared to noise floor with only
terminators (at 4.5 K) coupled directly to the Low Noise Amplifiers (LNAs). Requant gain

= 20 for both measurements.
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Chapter 4

INITIAL OBSERVATIONS OF CRES EVENTS FROM 3™Kr,
‘He, AND ¥Ne

In this Chapter we present the initial detections of CRES events originating from 8*™Kr,
SHe, and "Ne with the He6-CRES experimental apparatus. These initial observations rep-
resent the realization of the first two experimental benchmarks of Phase I of the He6-CRES
experiment articulated in Subsection [3.1.1} In Section we present observations of CRES
events originating from ®™Kr and in Section we present initial observations of CRES
events originating from %He and Ne. Given that initial observations and the development
of our CRES event reconstruction algorithm and analysis procedure went hand-in-hand, we
present initial findings here without a description of the analysis and present the analysis

procedure in Chapter [6]

4.1 Initial observations of CRES events from %™ Kr

In March 2021 the He6-CRES experiment successfully detected its first CRES events becom-
ing the second collaboration after Project 8 to build a functional CRES apparatus. These
first events came from a bottled source of 83™Kr which can be released into the decay cell
region of the apparatus. The ®Rb —8" Kr source was supplied by the DOE by the Iso-
tope Program in the Office of Nuclear Physics and provides monoenergetic electron internal
conversion lines of varying intensity in the 7 — 32 keV range [110].

Figure illustrates simultaneous observation of the 7-32 keV lines via CRES, demon-
strating our 1.1 GHz frequency bandwidth [15]. Figure [4.2[shows the effect of RF resonances
on event track slope. As was discussed in Section [2.3] these resonances are caused by higher

harmonic frequencies (f, = hf.) of the 5 current density coupling to higher-order waveguide



110

ower (Arbitrary Units)

P

o 9o 9o 9 o 9 9o 9o o 1200
S © & © & 9 © 9o &
- ® ¥ B & K

o 75keVL - L94
—— 9.1keVM - M9.4

: 10.8 keV Auger — K Auger

E 1000[= £ S e g
1801 2 SO

= =
< E T el
<175 _I{—Scatter Nt 800?_\. :
I E - T
[G] [G] F
o 170 . =) P—— 17.8 keV K - K32
~ E ~ 600~ =
- [ Event start T - 3
5 1651 frequency B >
E . % g
S F o o S 400 L
E)’ 160 :— o - //v\ § FWHM ~ 0.1 keV
E LGl B v  304keVL - L32
155~ 2001
Exxi | | | | E PR R e \ [ 1 |, SLOKeY M - M32
.............. i PR 0 i R WU U PO DT B et S TR v S
0.49 0.5 0.51 0.52 .53 0 0.5 0.6 0.7 0 50 100 150 200 250 300 350 400

0.5 . . . .
Time (s) Time (s) Counts

Figure 4.1: ®™Kr data taken with B = 0.68 T. Center: full bandwidth sparse spectrogram
showing dots for every point with SNR > 6, demonstrating the bandwidth (1.1 GHz) capa-
bility. Left: zoomed-in section exemplifying an event composed of multiple tracks. Right:
histogram obtained after track identification and event clustering, showing simultaneous ob-

servation of the 7-32 keV lines.

modes. These higher harmonics can contribute significantly to the total radiated power and

thus to the observed slope (see Equation [2.11]).

4.2 Initial observations of CRES events from ?Ne and ¢ He

The He6-CRES collaboration first observed CRES events from both ‘He and *Ne in the
Spring of 2022. These observations represent the first detection of high-energy fs (up to 2.1
MeV, corresponding to magnetic fields up to 3.25 T, surpassing the 31.9 keV M-line ®3™Kr
conversion electrons observed by both the Project 8 [5] and He6-CRES collaborations) and
the first detection of positrons via CRESH.

Through these initial detections it was discovered that event features vary significantly
with § energy. Most prominently, high energy (s result in long duration and highly sloped
tracks [15]. Figure shows He and '"Ne CRES events for fields 1.0, 2.0, and 3.0 T.

'Note that "Ne is a 87 decay.
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Figure 4.2: Track slope vs track start frequency of 8™Kr events demonstrating the RF
resonances present in the detector. Note that since the low energy events associated with
8mKr have a very small frequency extent (due to having small slopes and being short in

time) their track slopes are very sensitive to narrow slope resonances.
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Figure 4.3: Top row: Standard model Ne and *He 3 spectra showing the energy regions
sampled by the 11 field settings from 0.75-3.25 T, given the 18-19.1 GHz RF bandwidth.
Bottom two rows: Grid of identified tracks from '°Ne (top) and ®He (bottom) at 1, 2, 3 T.
Each panel is an overlay of 0.35 seconds of data from 5 separate acquisitions. Track colors

correspond to the magnetic field settings from the top row of the plot.
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Figure 4.4: Density of CRES events with a constant trap field (left) and with trap slewing
with ¢4, = 35 ms (right) illustrating the need to slew the trap in order to accurately detect

event start frequencies.

Track durations are limited by the time interval between scatters with the residual gas.
Due to the decrease in the scattering cross section for #s on residual gas atoms with increasing
[ energy the mean track length grows by over a factor of 20 over the observed energy range
from 10 keV — 2.1 MeV. Longer tracks make identifying the beginning of an event easier,
since scattering can lead to the misidentification of the initial frequency. The low scattering
probability also leads to accumulation of fs in the trap, as was discussed in Section |3.4]
This results in a high density of long tracks crossing the spectrogram, interfering with the
correct reconstruction of events born within our bandwidth. To remedy this, the trapping
coils are toggled on and off with a trap-on period (¢;4,) of 35 ms and trap off period of 20
ms, effectively emptying the trap. Figure demonstrates the importance of continuously
emptying the trap.

An additional difference observed between the tracks for high-energy (s compared to
those from 8¥™Kr is that the slopes are up to three orders of magnitude larger. The event
slopes increasing with energy (and field) can be seen in the bottom two rows of Figure .
The observed slopes vs field are aggregated in Figure [4.5]
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In a waveguide, the power radiated into a mode \ at frequency f is given by [62, [88], [30]:

2

PA(f) o ' [ o) Bne i (1.1

where 7#(t), 7(t) are the position and velocity vectors of the moving 3, and Ej () represents
the mode electric field. The bandwidth (18-19.1 GHz) was selected to measure only in the
TE; ; mode, with cutoff at 15.2 GHz. The next mode, TMj ;, has a cutoff at 19.9 GHz. Thus
the track power observed is exclusively due to the power propagating in the TE;; mode.
The track slope, df./dt, is a measure of the §’s total radiated power, as was discussed in
Section [15].

In addition to the TE;; mode, the 3 velocity vector couples to higher-order waveguide
modes at higher harmonic frequencies (f = nf.), which can contribute significantly to the
total radiated power and thus to the observed slope (see Figure 4.5). However, since this
power propagates into unobserved modes, we do not detect this power directly[15].

It was expected that some power would be present in higher harmonics of the cyclotron
frequency but we were surprised to find that experimentally observed slopes scale in ac-
cordance with the expectation for radiation in free space, given by the relativistic Larmor
formula [62]. This means that for high energy s the amount of power in the 18 - 19.1 GHz
range (observed directly as the track power and propagating via the TE;; mode) can be
1073 or less of the total radiated power (observed indirectly as the slope). There may be the
opportunity for future experiments to detect the significant power present at these higher
harmonics in order to obtain better SNR and higher detection efficiencies.

While in general, the radiated power emitted in a waveguide can vary significantly from
the free-space expectation, this result is predicted analytically for orbits centered around the
waveguide axis [27] and is confirmed numerically using Equation , calculated up to 800
harmonics (h = 800), as shown in Figure [1.5

When a mode (TE, ,,) cutoff frequency is crossed by a harmonic of the cyclotron fre-

quency there is a momentary increase in radiated power that can be observed as a temporary
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Figure 4.5: Observed track slopes, df./dt, in comparison to the expectation from free-
space (red) and from waveguide simulations in a circular waveguide (blue) as a function
of experimental magnetic field. Data bars and simulation bands correspond to maximum/
minimum slopes observed in data and simulations, respectively, due to variations in the
underlying beta energy and position. Fractional residuals are shown with respect to a 18.5

GHz beta, in free-space. Figure created by Nick Buzinsky of He6-CRES.
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increase in the slope. For example, Figure shows a spectrogram of a CRES event as it
crosses the TEy 5 mode cutoff for h = 3 at 18.45 GHz (the TEy 5 cutoff frequency is 18.45
x 3 = 55.35 GHz for our cylindrical waveguide geometry). While there are technically a
countably infinite number of resonances (n, m, h) within the 18-19.1 GHz RF bandwidth,
the (2,2,3) mode has a large (visible) effect on the slope due to it’s low order and therefor
large coupling?l The *3™Kr slope resonances seen in Figure are also explained by this
effect. A paper describing the numerical simulations and math behind why the the radiated
power in a waveguide converges to the radiation in free space at high 5 energies (given by
the relativistic Larmor formula [62]) is currently being written by Nick Buzinsky and R.J
Taylor of He6-CRES.

A direct side effect of long, steep tracks is that there is a field-dependent maximum

time-duration of events, t,,.., which is given by,

_ fw
tmax - dfc—/dt (42)

For Phase 1 of the He6-CRES experiment the active frequency bandwidth, fgy, was 1.1
GHz. The maximum event length t,,,. observed in Figure (dotted line) is a function
of Equation Note that in Figure |4.7| we observe some event lengths that exceed 35 ms
(ttrap)- This is due to eddy currents allowing the trap to persist a few ms beyond 35 ms (see
Chapter [] for more discussion of this effect).

In summary, two primary features characterize CRES events from high-energy (s (a
novel energy regime for CRES); long durations and steep slopes. The event reconstruction
described below in Chapter @ was designed to identify start frequencies across the ?Ne 3
spectrum (up to 3.25 T or, equivalently, 2.1 MeV), and thus for a broad range of track slopes,

durations, and signal-to-noise ratios.

2The indices n and m specify the RF mode and h specifies the harmonic of the cyclotron frequency.
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Figure 4.6: CRES event crossing the TEs5 (h = 3) mode cutoff frequency in data.
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Figure 4.7: Event length vs event slope from 11 fields: 0.75 - 3.25 T in 0.25 T steps. The

maximum event length observed at a given slope is given by Equation (dotted line).
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Chapter 5
MONTE CARLO SIMULATION

In this Chapter we begin by leveraging the simplest simulation of a full ratio experiment
in Section in order to gain intuition for the ratio’s sensitivity to bg;... and to explore a
few important experimental systematics. We also demonstrate an alternate way to present a
ratio measurement in the energy domain. In Section [5.2] we look into the effect of events orig-
inating below the visible frequency bandwidth (18.0 — 19.1 GHz). Finally, in Section we
introduce our efforts to build a complete particle-level Monte Carlo that precisely simulates
all components of the experiment (RF system, DAQ, and analysis pipeline), a prerequisite

for pushing to high precision determinations of bp;.,. with CRES.

5.1 Simple Monte Carlo of ratio experiment

This relatively simple Monte Carlo takes as its arguments the different main field settings
being used in the experiment, the frequency bandwidth of the apparatus, the assumed value
for bpier., the number of CRES counts obtained per isotope (Ncggs), the total number of
counts per field obtained by the 5 monitor (see Section , and the normalization constant
(C'). We begin by calculating the integrated spectral density for each isotope, for each field
(see Equation , using the fully corrected SM [ decay spectrum presented in Subsec-
tion m [52, [51]. We then scale the integrated densities such that each isotope has Neogrps
total counts and Poisson vary the obtained counts to simulate statistical fluctuations. Now
we have an array of counts equal in length to the number of set fields being used in the
experiment and summing to Noggrs (in expectation) for each isotope. We also Poisson vary
the monitor counts obtained for each field and apply the ratio of the 8 monitor efficiencies

(C) to the "Ne S monitor counts. Now that we have a simple simulated experiment we
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Figure 5.1: Simple Monte Carlo experiment with bz, set to zero for 10* counts per isotope
measured over 11 field settings from 0.75-3.25 T in 0.25 T increments. Plot also shows bpje;»

= 41 for comparison. Fit results: bp;e,. = -0.065 + 0.060.

follow the ratio analysis procedure explained in Section (see Equation , obtaining a

best fit to br;er, and C with a associated uncertainties.

This simple Monte Carlo lacks many details but it is sufficient to begin to understand
what experimental factors most impact sensitivity to bp;e,. given our measurement technique.

Figure [5.1] presents a simulated experiment.

We utilize the simple Monte Carlo to explore the sensitivity of the ratio measurement to
brier- in the absence of systematics in Subsection [5.1.1)). In Subsection we explore the
ratio’s sensitivity to main magnetic field nonuniformities. In Subsection [5.1.3| we explore the

ratio’s sensitivity to the S-monitor stability. In Section [5.1.4] we present an alternate way
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of presenting a ratio experiment where we use one isotope to calculate efficiencies and then
use this to correct the spectrum of the other isotope. In Subsection we explore the
way that finer binning in frequency further increases the robustness of the ratio to energy-
dependent systematics. In Subsection|5.1.6|we apply the formalism developed in the previous

two sections to the particular case of the wall-effect systematic.

5.1.1 Ratio measurement sensitivity to bpier,

An arbitrary experiment’s sensitivity to a nuclear g decay parameter such as bg;.,.. generically
goes as f—ﬁ where N is the number of counts observed and the constant X is dependent on
the specifics of the experimental approach, as described in [42]. The He6-CRES experiment
has two observables with statistical fluctuations that impact sensitivity to bg;.,..; the total
number of CRES counts per isotope (Ncgrgrs) and the total number of monitor counts per
isotope (Npon). We assume here that there is an equal amount of data taken at each field,
meaning the relative number of CRES events (in expectation) observed at each field scales
with the integrated spectral density of the isotope at that ﬁeldﬂ and frequency bandwidth
and that the total number of monitor counts observed per isotope is (on average) constant
for each field and (for simplicity) that the 8 monitor is equally efficient for Ne and He
(C=1).

Note that future iterations of the experiment could increase sensitivity to bge.. (for a fixed
amount of acquired data) by strategically taking more data in the regions of the spectrum
with the most impact on experimental sensitivity to bpje... In this study we simulate a
fixed amount of data acquired at each field as that was the strategy taken in the proof-
of-principle measurements presented in this thesis (see Chapter @ One may also naively
think that since the Fierz interference term (< m/FE) distorts the spectrum most at low
energies (and therefore low fields) we should only take data at these low fields. This isn’t

correct, as the long lever arm of the measurement is what fixes the proportionality constant

IThis is technically incorrect as it doesn’t account for field dependent CRES detection efficiencies but
for the purposes of this study it is a sufficient assumption.
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C' (Equation and enables sensitivity to the spectral distortion at low fields.

Since both the CRES detector and the 5 monitor detector are seeing the same density of
radioactive gas, the total number of CRES events observed and the total number of monitor
counts are related to one another by the efficiencies of these two detectors. We will address
the impact of reasonable/physical detector efficiencies on our overall sensitivity to b, later
in this section, but we begin with an exploration of our bg;.,, sensitivity without reference
to the specifics of the detector CRES and S monitor efficiencies.

We define the sensitivity constant Xcgrps (assuming that we are not statistics limited in

the monitor, or N,,,, — 00) as,

- _ XcrEs
bFierz - )
V' NcrEs

and we define the sensitivity constant X,,., (assuming that we are not statistics limited in

(5.1)

CRES events, or Nogpps — 00) as,

Xmon
UbFierz = /Nmon : (52)

The values of Xcres and X, are dependent on the specifics of the experimental setup

defined by the set fields used and the frequency bandwidth of the measurement. In this
study we investigate two experimental setups described in Table [5.1] Experimental Setup
1 represents the best case set-up, where we measure over the entire energy spectrum of
Ne and are able to utilize the entire available frequency bandwidth. Experimental Setup
2 represents a worst-case where, due to significant scattering off of residual gas at low fields
and (3 energies, we are only able to take high quality data starting at 1.75 T, and where a
300 MHz window at the bottom of the bandwidth must be used as a veto window for events
rising from below. These two effects (scattering and events rising in from below the visible
bandwidth) will be discussed in more detail in Chapter [6]

The value for Xorps (Xmon) is obtained by simulating 100 trials (Monte Carlo exper-
iments as described in the introduction to Section with bpjer. set to zero, for Norps
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Main Field Values Frequency Bandwidth

Experimental Setup 1 || 11 fields, 0.75-3.25 in 0.25 T steps | 18.0-19.1 GHz
Experimental Setup 2 || 7 fields, 1.75-3.25 in 0.25 T steps | 18.3-19.1 GHz

Table 5.1: Description of the two experimental setups used to determine Xcrps and X,,0n.
Experimental Setup 1 represents the best case and Experimental Setup 2 represents a conser-
vative worst-case setup. For both experimental setups, it is assumed that the same amount

of data is taken at each field, as discussed in the text.

(Npmon) in the range 10? to 10! in factor-of-ten steps, resulting in 800 simulated experiments.
For each experiment N,,,, (Ncgres) is set to infinity (effectively), to prevent any contribu-
tion in the uncertainty from that component. Each experiment returns a fit value along

with an estimated uncertainty. An estimate of Xcrps (Xmon) is obtained for each simulated

experiment by taking the fit uncertainty and multiplying it by v/ Nores (v Nmon), following
from Equation (Equation . The results of the study are shown in Table .

Two sanity checks were conducted to ensure the sensibility of the study results. The first
was verifying that for a given value of Noggs (Nmon) the standard deviation of the obtained
brier. fit values matches the mean estimated uncertainty, indicating that the uncertainty
quoted by the fit is unbiased. The second was verifying that the mean estimate for Xcrps
(Xmon) Was constant over the different values of Norgs (Nmon), validating the claim that

the sensitivity generically goes as \/LN [42].

Now that we have these generic sensitivity constants Xcgrps and X,,,,, which make no
physical assumptions about the differences between the CRES detector and the monitor
detector we can consider the fact that the detection efficiency for the S monitor for our
current experiment is much greater than the CRES detection efficiency. This is also likely
to be true for any future iteration of our experiment or similar experiment. For the first

attempt at the ratio measurement (Autumn 2022) we used the 3 monitor for ®He data and
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XCRE'S Xmon

Experimental Setup 1 || 7.67 + 0.10 | 4.03 + 0.07
Experimental Setup 2 || 15.66 £+ 0.48 | 13.35 + 0.34

Table 5.2: Sensitivity constants Xcres and X,,,, for two different experimental setups. The

two experimental setups used are described by Table .

found ]\]f\”'& ~ 15,500. We used the 3 telescope for Ne data and J\][VM ~ 4,500 (further
CRES CRES
details found in Chapter @ This means that the uncertainty in the experimental ratio oz,
is overwhelmingly dominated by Ncgrges regardless of which isotope or specific monitor is
used, so in practice it is Equation that can be used as a rule of thumb scaling of the ratio
measurement’s statistical sensitivity to bpjer..
This scaling is important to keep in consideration as He6-CRES works towards high

precision determinations of bpie... If we assume the best-case (Experimental Setup 1) we

XCRES1

HESL)? &~ 5.9 % 107 counts per isotope to obtain a oy, ~ 107°

will need NCRES = (

statistical error. If we assume the worst-case (Experimental Setup 2) we will need Norps =

(XCRE&2

“HES2)? 2 25%107 counts per isotope to obtain a oy, ~ 107 statistical error. The Monte

Carlo study presented here can be used to understand the return on investment of crucial
experimental design decisions such as attempting to increase the experimental bandwidth or
whether we can get away with dropping low fields due to scattering effects. In addition, one
could use this technique to determine the data taking procedures (how much data at each

field) would optimize sensitivity to bpje, (minimize Xcrgs).

5.1.2  Sensitivity to main magnetic field determination

Now we use the same simple Monte Carlo used above to investigate the impact of our main
magnetic field determination/uniformity on our sensitivity to bpe.. In a ratio experiment

it is crucial that the '“Ne and °He data be taken at an identical set of main field values
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so that the energy dependent efficiencies cancel and so that the predicted ratio (rgys, see
Equation be calculated at the correct fields. In practice there are uncertainties in
the determination of the main field values at the center of the decay cell as well as slight
mismatches between the fields used for '’Ne and ‘He. As was discussed in Section [3.6] for
our current level of precision these effects are sufficiently small to be safely ignored but as we
push to higher precision determinations of bg;,, it will be crucial to understand how well the
field needs to be known and how well matched the *Ne and He fields need to be matched
given the target precision of the measurement. As a reminder, the main field is monitored

during data acquisition via an NMR probe that is ~ 3 cm of the center of the decay cell (see
Section [3.6] for details).

Two Monte Carlo studies were conducted to understand the field determination and
uniformity effects. In the first, we investigate the effect of the true field being Gaussian
distributed around the assumed field with a fixed relative standard deviation. In the second,
we investigate the effect of the true field for one isotope being linearly offset from the assumed
field, while for the other isotope the true and assumed field are the same. This is not the
most physical set of assumptions but it sheds light on the limits of the field uncertainty
and drift effects. In both studies we use Experimental Setup 1 as defined in Table [5.1] and
use (effectively) infinite values for Norps and N,,,, so that the effect of the field on bpje,,
determinations is isolated. In both studies we are interested in how fitting the simulated

data using the assumed fields effects the determination of bpe,..

In the first study we take the assumed fields (11 fields, 0.75-3.25 in 0.25 T steps) and
vary the it" field B; according to a Gaussian with mean B; and standard deviation B; * o
so that the relative uncertainty at each field is given by op. We simulate 40 trials each
for 10 values of op exponentially spaced from op = 1075 to op = 1072 for a total of 400
simulated experiments. The results of the study are summarized in Figure As expected,
the spread in B causes a spread in the fit values for bg;.,.. centered around b, = 0. The
size of the effect can be characterized by a single parameter 5{%}’; obtained by dividing the

standard deviation in b, fit values (o3) by the relative uncertainty in the field op and
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Figure 5.2: Sensitivity to main field determination error. Plot includes results from all three

Monte Carlo studies done.

then averaging over all values of 0. The value obtained for C‘l%; can be found in Table .

In the second study we take the assumed fields (11 fields, 0.75-3.25 in 0.25 T steps) and
vary the i field B; for Ne only by a linear relative offset B;(1+AB) (°He fields unchanged).
We simulate 10 values of AB exponentially spaced from AB = 107° to AB = 1072 for a
total of 40 simulated experimentsﬂ The results of the study are summarized in Figure .
The effect of this linear offset is to systematically affect the fit to bgj.,, and this effect can
be characterized by a single parameter % obtained by dividing the bgy,., fit values (o)

by the linear offset in the field AB and then averaging. The value obtained for % can

be found in Table (£.3]

2This assumes the systematic is linear which holds true at least for these reasonably small values of o5.

3Since Nores, Nmon — 00 we don’t need to run multiple trials here; there is no randomness.
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Brief description Parameterization of systematic effect
Study 1 || Gaussian spread gﬂ =7.29 £ 0.65
0B
3 db ierz —
Study 2 || Linear offset for Neon e = -17.08 &+ 0.09
Study 3 || Linear offset for Helium % = 4.318 + 0.001

Table 5.3: Parameterization of systematic effect associated with three different types of

incorrect main field determinations.

The values ;UL; and % can be used to build a systematic error budget for a high
precision measurement. In practice a real experiment may exhibit some linear combination
of the two effects explored here (a Gaussian spread and a linear offset). The key point from
study one is that the physical field values must be consistent with the field values assumed
in the analysis to within 107° for a corresponding systematic uncertainty of ~ 6.6 * 107> in
brier.. The key point from study two is that the field offset between the two fields must be to
within 107° for a corresponding shift of —12.75%107° in the fit relative to the true bpjer.. As
was discussed in Section[3.6] the field value is already known to within ~ 10~ (without field
shimming) and similarly, the two fields match each other to within ~ 10~* (see Chapter [6]).

This means that with our current apparatus (without field shimming), we already have the

main field determination systematics under control for a 10~2 measurement of bpje,..

5.1.3  Sensitivity to monitor instability

We discussed how the statistical uncertainty of the (assumed to be perfect) 8 monitor effects
sensitivity to b, in Section [5.1.1. But what if the monitor’s gain drifts, as is prone to
happen in physical detectors, over the course of the data acquisition. In practice this drift is
likely to be a random walk but in this study, for simplicity, we look at the effect of a linear
drift parameterized by A,,,, over the course of the acquisition (for both isotopes). We again

use Experimental Setup 1 as defined in Table 5.1 We are assuming we are not statistics
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Figure 5.3: Sensitivity of bg;.., determination via a ratio experiment to linear § monitor

drift.

Brief study description Parameterization of systematic effect

Linear drift in 8 monitor | %Fie= = 1,01 + 0.03

mon

Table 5.4: Parameterization of the sensitivity of a bp;.,. determination via a ratio experiment

to linear 8 monitor drift.

limited but that the monitor rate drifts linearly from Ny to No(1 4+ Aen) over the course of
data acquisition for both isotopes which is assumed to start at 3.25 T and end at 0.75 T (as
we do when taking data).

Results from the study are presented in Figure [5.3 and Table This is an important
systematic for He6-CRES going forward. In Section [3.7] the S monitor is shown to currently
be stable to within 2 parts-per-thousand over 24 hours. For a 102 determination of bpjer»
one would need to limit the 8 monitor to drift 10~* over the course of data taking to have
the monitor drift systematic be well below the statistical error. Given that data taking for

such an experiment may take over a week per isotope, ensuring the S monitor is sufficiently
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stable for the desired level of sensitivity to bge., presents a significant (but not impossible)

experimental challenge.

5.1.4 An alternate way to present a ratio experiment

In this Subsection we present an alternate way to present the data obtained from a ratio
experiment. In Section [3.T]the ratio is presented as a way to cancel energy-dependent system-
atics shared by both isotopes. An alternate (though ultimately equivalent) approach is to use
one isotope to calculate the energy dependent efficiencies and then apply those efficiencies to
the other isotope in order to obtain a “corrected” energy spectrum for one isotope. Below we
present the math assuming bp;..., = 0 so as to make the general applicability of this method
apparent; this method can be used for precise S-energy spectrum determinations with any
two isotopes in the energy regime in which they share non-zero spectral densities. At a
facility capable of producing many isotopes of interest (like FRIB) one isotope with a high
endpoint and well-known spectral shape (such as He) could be used to calculate efficiencies
that could be applied to the precise determination of 3% spectra for many other isotopes [7].

The normalized rate for ?Ne and He observed at the i*" field is given by

N . Emaac,i Emam,i
At [ W Byl BB~ [ W ENe B (53)

ne,momn,i Enin,: Emin,i

Nhe cres,i Bmaai Pmaas
Mgt [ W BB B~ [ W Ee B (5a)

he,mon,i Enin,i Enmin,i

where we assume €.+ (E) = €.-(F) = ee(E)ﬁ and A,. and Ay, are field-independent (in
principle unknown) constants relating S-monitor rate to the density of radioactivity in the
decay cell. Note that in general A, # Aj. due to the fact that the S-monitor has a different
detection efficiency for positrons and electrons. By making the approximation that the
CRES efficiency e.(E) is constant over the energy domain associated with the i field and

frequency domain, we can pull this efficiency out of the integral (e.(E) — €.;). The limits

4Note that these efficiencies are energy, and therefore field dependent.
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of this approximation are explored in Subsection [5.1.50 Now we can solve for the efficiency
€, in Equation [5.4] and substitute it into Equation [5.3]

W(E)i9y,dE ~

Emaa: 7
/ ’ Ane Nne,cres,i

€ei N, -
Emin,i e,i +Vne,mon,i

Ane Nne cres,i N e.mon.i Emaz,i
- B / W(E)sp, dE. (5.5)

~~
Ahe Nne,momi Nne,cres,i

Emin,i

We notice that Seeeresi Nhemoni s 1o experimental ratio re,,; at the it" field defined

Nne,mon,i ne,cres,i

in Equation and that the ratio of the above normalization constants (ﬁ—ze) is the field-

independent normalization constant C' defined in Section [3.1, Thus, we can reduce the above

to,

Emaz,i

Ema:v,i
/ W (E)oy, dE ~ C'tony / W (E)o, dE.
Enmin,i (56)

Emin,i

The above is essentially just a different presentation of the ratio algebra, but it makes clear
that assuming the SM 3 spectrum for one isotope (®*He) allows for producing an efficiency-

corrected energy spectrum for the other isotope (*Ne).

5.1.5 Finer frequency binning to improve efficiency cancellation

The quality of the efficiency substitution in Equation (or equivalently the cancellation of
the efficiencies in Equation is a function of the exact shape of that efficiency e.(E) in
the interval E,;p, ; t0 Epaz . If the efficiency is varying wildly from E,,;,, ; to Epeq 4, then the
cancellation will be imperfect. If the efficiency is constant from E,,;,; to Ej.4, then the
cancellation will be perfect. In principle a correction could be applied to the ratio making
up for the imperfect cancellation but this partially defeats the point of the ratio which is to
never need to have efficiencies very well characterized to obtain high precision determinations
of 3 spectra. Below we present a way of greatly mitigating the imperfect cancellations of

efficiencies; to utilize finer frequency binning in the construction of the ratio.
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As was discussed in Section the relevant integration window at a given field (E;n,
E\vaz.i) is determined by using Equation for main field B; and the experimental frequency
bandwidth. By breaking the full bandwidth up into n.punks (presumably equal sized) pieces
and conducting nepunrs distinct ratio analyses we greatly reduce the size of the integration
windows (Epin, Fma:) and therefore decrease the size of systematics associated with pulling
the efficiency term (e.;) out of the spectral integrals. Each of the npunks ratio measurements
obtained will be lower in statistics than the baseline case (ncpunks = 1) but due to the smaller
integration windows there will be a more complete cancellation of efficiencies. Then one can
take each of the best fits for b, (see Equation and take the statistical uncertainty
weighted-average of them to obtain a final measurement of bpje;..

Applying the finer frequency bins to the corrected energy spectrum formulation presented

in Equation , we have for the i*" field and j** frequency chunk,

Emaz,i,j

Emaa:,i,j
/ W(E)lgNe dE ~ Cj Texp,i,j / W(E)GHe dFE.

Enmin,i,j Emin,i,j

(5.7)

So long as the frequency determination of events (Jf) is small compared to the size of
the frequency bandwidth chunks, we won’t need to worry about line shape effects. The finer
frequency bins drastically decreases the effect of imperfect efficiency cancellations, further
eliminating the need to have efficiencies well-characterized in Monte Carlo. We will explore

this claim quantitatively with a concrete example in the next Subsection.

5.1.6  Wall-effect efficiency

Here we will explore the formulations presented in Subsections [5.1.4| and |5.1.5| via the “wall-

effect”. The wall-effect denotes the fact that the cyclotron radius (see Equation is energy
and field dependent and so the fiducial volume available to CRES electrons in the decay cell
is energy and field dependent.

In principle the energy dependent efficiency €.(F) is the total efficiency, including all
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systematic effects such as the frequency dependent SNR, the field dependent SNR, etc (full
list covered at the end of Chapter @ Here we investigate only the efficiency associated
with the wall-effect so as to make things concrete and because it is a particularly dangerous
systematic effect for He6-CRES because its effect is very similar in shape to that of bpje,...

The energy and field dependent wall-effect efficiency is obtained by considering that the
center of the electron orbit can be at most py4. = T"wa — reya from the central axis of the
decay cell (where p denotes the distance from the central axis of the decay cell to the guiding
center of the cyclotron orbit), ry ¢ denotes the decay cell radius (=5.78 mm), and 7. is the
energy and main field dependent cyclotron radius given by Equation 2.4 If p exceeds piaz
the electron will collide with the decay cell wall and lose all of its energy in O(1 ns) and
therefore be undetectable. Figure provides a visualization of the effect. CRES electrons
with smaller 7., have more fiducial volume available to them and will therefore be observed
more frequently with all else equal.

Note that so far the generic efficiency has been presented as only having energy depen-
dence (€.(E)ye) but it can also depend explicitly on the main field B or the frequency f.
These are omitted in the presentation of the ratio technique to reduce the busyness of the

expressions. Mathematically, the wall-effect efficiency is given by,

€o(E, B)ye = (1 - %)2 . (5.8)

We consider a simulated ratio experiment consisting of main fields in the range 0.75-3.25
in 0.25 T steps, and a frequency bandwidth of 18.1-19.1 GHz (allowing for a realistic 100
MHz window for which to veto events from below), with bg;e., = 0 assumed. This is identical
to Experimental Setup 1 as defined by Table except for the veto window between 18.0—
18.1 GHz. The spectral densities, 1., values, and associated efficiencies involved in such a
ratio measurement are shown in Figures and [5.7], respectively. From Figure we
can see that the efficiency changes drastically over the energies observed within a single main
field value and between main fields. We also notice that the shape of the effect is roughly

proportional to %, as is our physics signal of interest: Fierz interference, parameterized by
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bFiers-

In the absence of the ratio technique one would have a very hard time differentiating
between bp;.,., and this effect. We would also be forced to know ry ¢ to high precision to
accurately pin down this effect as the efficiency depends on it quadratically. The way the wall-
effect alters the 1Ne spectrum observed is almost identical to the way the Fierz interference
term with bpier. = +1 alters the Ne spectrum. Similarly, the way the wall-effect alters
the ®He spectrum is almost identical to the way the Fierz interference term with bpje,, =
-1 alters the %He spectrum. This means precision determinations of bpj.,, without the ratio
technique would need to apply O(1) corrections to b, while in search of a O(1073) (or
smaller) effect. However, since the wall-effect is identical for the two isotopes and the effect
of bpier, 1S opposite, this systematic effect (that would be devastating if one were attempting
to pursue a b, measurement via CRES with a single isotope) is largely mitigated by the
ratio technique.

Figure illustrates the absolute value of the distortion to the ratio caused by the
wall effect. Figure (top) shows the distortion with the baseline analysis; nepunks = 1
(see formalism introduced in Subsection [5.1.5)). This illustrates the real power of the ratio
measurement. The wall-effect efficiency varies by a factor of ~2 (see Figure and yet the
distortion to the ratio is less than 1% over the energy range of interest.

Figure[5.8| (bottom) shows the distortion(s) with finer frequency binning; npynks = 5. The
distortions with finer binning is dependent on the specific frequency chunk but is universally
almost 2 orders of magnitude less than with the distortion of the baseline analysis of using
a single frequency bin. This concretely illustrates the power of the finer binning. It allows
for the energy dependent efficiencies to cancel much better than in the baseline case due to
the smaller integration windows (Ep,in, Fmax) as was discussed in Subsection .

Figures 5.9 and demonstrate the application of the alternate presentation of a ratio
experiment described in Subsection in the context of the wall-effect. In this alternate
formulation or presentation we still fit to C' and b, using Equation [3.6but then we present
a corrected Ne spectrum using Equation instead of the ratio itself. The Monte Carlo
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Figure 5.4: Wall effect visualization. The wall-effect efficiency presented in Equation is
the ratio of the area available to allowed decays (shown in blue) to the total available area

defined by the waveguide inner walls.

simulated data is created via the prescription presented at the beginning of this Section but
now the spectral integrals include the wall-effect (Equation|5.8]). In simulation bg,., is taken
to be zero. To show meaningful residuals we assume Negrrpg = 10° counts per isotope but

we don’t Poisson vary the simulated counts for ease of interpretability.

Figure (top) shows the uncorrected Ne spectra obtained from a simulated experi-
ment. We see that the wall-effect causes a huge distortion to the spectrum relative to the
true probability density function (pdf). As mentioned above a naive fit to bpje., here results
in bper. ~ 1. Figure (bottom) shows the corrected spectrum with the baseline analysis
(Nehunks = 1). Figure shows corrected spectra with finer frequency binning: ncpunks =
2, 5 in the top and bottom sub-figures, respectively.

Table shows the size of the wall-effect systematic (dbgie,») as a function of measure-
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Figure 5.5: "Ne and ®He spectral densities observed given a simulated ratio experiment
consisting of main fields in the range 0.75-3.25 in 0.25 T steps, and a frequency bandwidth
of 18.1-19.1 GHz.

ment technique. With 100 MHz frequency bins (nepunks = 10) the size of the distortion to
brier- is well below 10™*. This means that (in principle) a measurement using this technique
would not need to worry about this systematic until measurements at the 10~ level. Here we
only address the wall-effect in detail but the cancellation of many systematics should follow
this general trend, as most systematics don’t vary as much as this one over a given field.
Note that utilizing 100 MHz frequency bins is only possible if your frequency resolution is

small compared to this bin size. The limits of this assumption are discussed in Chapter [0}

Also note that applying corrections to bgj,, isn’t that simple as many of our systematics
are intermingled. For example, in reality, the wall-effect interacts with the SNR dependent
detection efficiency: electrons with smaller p couple more strongly to the T'Ej; circular
waveguide mode and therefor produce higher power, more detectable events. To know exactly
how this folds in you need an absolute power calibration and to simulate the detection

efficiency through our entire analysis pipeline. The power of the binned ratio technique
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Figure 5.6: Field and energy dependent r.,,; values observed given a simulated ratio ex-
periment consisting of main fields in the range 0.75-3.25 in 0.25 T steps, and a frequency

bandwidth of 18.1-19.1 GHz.

is that we can (potentially) make very precise determinations of b, without precisely

characterizing every systematic because of the powerful cancellations illustrated here.

5.2 DMonte Carlo including CRES events born below the detection window

An initially unanticipated side effect of high energy CRES events having very large slopes
is that during the time the trap is on (¢4, = 35 ms for our Phase I preliminary ratio
measurement presented in Chapter @ events with initial cyclotron frequencies from below
the active detection window (18.0 — 19.1 GHz in Phase I of the He6-CRES experiment) rise
into being detectable. At 3.25 T event slopes are greater than 100 GHz/s. This means that
at 3.25 T the 1.1 GHz experimental bandwidth is traversed in ~11 ms. It also implies that
for trap-on duration (¢,) of 35 ms CRES electrons born with as low a cyclotron frequency
as ~=14.5 GHz can rise into the visible bandwidth during the trap-on period.

Determining bp;.,, via a ratio measurement as described by Equation |3.6| relies on only
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Figure 5.7: Wall-effect efficiencies at play during a ratio measurement given a simulated ratio
experiment consisting of main fields in the range 0.75-3.25 in 0.25 T steps, and a frequency

bandwidth of 18.1-19.1 GHz.

counting CRES events that originate exclusively in the active detection window (18.0 — 19.1
GHz). This means successfully vetoing all CRES events that arise from below. Due to the
oscillations in the SNR response vetoing all events from below is difficult (see Chapter @ for
more details). The oscillating SNR response is an incredibly important systematic effect for
the He6-CRES experiment because if CRES events are broken and mistakenly identified as
two events, the argument that systematics cancel perfectly in the ratio due to the narrow
line-shape of the detector is broken. Here we present a simple Monte Carlo simulation that
provides knowledge of the density of events coming up from below and sheds light on the
effect of imperfect vetoing of these events.

Figure illustrates the “extended bandwidth” for *Ne and ®He. The energy-width
of the 18.0 — 19.1 GHz frequency bandwidth for magnetic field values .75 T - 3.25 T in
0.5 T steps is shown via a shaded bar plotﬂ. The energy-width of the extended bandwidth

5We use 0.5 T steps instead of 0.25 T steps in order to reduce the busyness of the plot.



138

Description of Measurement Technique || Tehunks | 0bFiers * 103

No efficiency cancellation using ratio N/A 1000

Ratio measurement 1 3.2+1.0
Ratio measurement 2 1.19 £ 0.38
Ratio measurement 5 0.374 £+ 0.096
Ratio measurement 10 0.170 £+ 0.034

Table 5.5: Distortion to measured bp;.,. caused by the wall-effect with different measurement
approaches given a simulated experiment consisting of main fields in the range 0.75-3.25 in

0.25 T steps, and a frequency bandwidth of 18.1-19.1 GHz.

(red outline) illustrates the energies in which CRES events could possibly rise into being
visible for ;4 = 35 ms. The key issue is that the area under the curve within this extended
bandwidth for a given field is drastically different for 1Ne and ®He. At 3.25 T (the farthest
right portion of Figure [5.11] there will be drastically more events coming from below for
SHe as for Ne. Concretely, this means that imperfect vetoing is not a systematic that will

cancel in the ratio because it will not effect the two isotopes in equal proportion.

Figure [5.11] also demonstrates that the density of events coming from below is marginal
at low fields due to the relatively small CRES event slopes at low fields. As has been
demonstrated above, it is the low-field regions that are most sensitive to bp;.,.. However, it
is the high-field regions that fix the normalization constant C' in the fit (see Equation SO
systematics that primarily effect high-field /high-energy regions of the ratio are still crucial

to understand and characterize.

The extended bandwidths presented in Figure provide the farthest reaches in energy
in which an event could possibly end up being detected in the visible bandwidth. For
example for °He an event born at the endpoint could end up in the visible bandwidth at 3.25

T. However, this event would need to be born right as the trap is turned on to have the time
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to traverse such a large distance in frequencyﬂ We generate §’s within the extended energy
regions presented in Figure according to the SM spectral density and assign them an
event start time uniformly within the trap on period. We then propagate the events to their

frequency location at the end of the trap on period (tqp)-

We use the Monte Carlo described above to calculate the percent of all detectable events
that originated below 18.0 GHz for t., = 35 ms (top) and t4.q, = 10 ms (bottom) (see
Figure . By detectable we mean an event is either born above 18.0 GHz or that it
rises above 18.0 GHz during its lifetime (ending when the trap turns off). We see that for
high fields and a trap on period, t;..,, of 35 ms up to 70% of detectable “He events are
coming from below. This implies that one needs to successfully veto 2 out of 3 ‘He events
at these fields. In principle, it sounds simple to veto such events: simply cut all events with
a start frequency of 18.0 GHz. However, as is discussed in detail in Chapter [6] due to SNR
oscillations which cause broken tracks this is not a simple task. The t;,, = 10 ms plot
(bottom of Figure is included to illustrate that the issue is improved but not at all

fully mitigated with a decrease in the trap-on tim(ﬂ

Figure shows the relative difference (%) between the naive ratio (see Equation
and the ratio obtained when including all detectable events (including those from below that
rise into being detectable) for t.,, = 35 ms and ¢4, = 10 ms. This implies that vetoing
90% of all events from below will result in a ~7% deviation from the naive (expected) ratio
at 3.25 T for t44p = 35 ms. Intuitively, this is a function of many more events arising from
below for ®He than for 1°Ne due to the larger density of higher energy events for SHe. The
Monte Carlo presented here will be used extensively in Chapter [6] to make sense of Phase 1

ratio data.

6Technically the slope is a function of both main field and frequency so it is changing as the CRES event
loses energy to radiation. This is accounted for in the Monte Carlo.

"Note that the trap on period cannot be made arbitrarily small as it does take finite time (~1 - 5 ms,
but it is field/slope dependent) to clearly differentiate CRES events from RF noise fluctuations.
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5.3 Particle-level Monte Carlo

The Monte Carlo simulations of Section [5.1]and Section [5.2] are very useful for gaining initial
insights into the bp;.,» sensitivity and the most important systematics of a ratio measurement.
However, as the He6-CRES collaboration works towards a 1072 determination of bp;e,, a more
robust Monte Carlo simulation will be necessary to develop a comprehensive and defensible
systematic error budget. As was demonstrated above, the ratio method is powerful in its
ability to cancel certain types of spectral distortions, such as the wall-effect. But there are
systematics that do not cancel well in the ratio such as differing scattering environments
between He and "Ne data acquisitions and events arising from below.

We have created a python-based particle-level Monte Carlo simulation package (he6-
cres-spec-sims), which simulates the CRES dynamics of individual CRES electrons in our
magnetic trap geometry, calculates the corresponding time domain signals, simulates the
action of the DAQ, and outputs spec files that can be input into our data analysis pipeline
(described in Chapter @ The analytic formulas used to calculate the CRES features of the
such as cyclotron frequency, average magnetic field experienced, maximum z position, axial
frequency, and modulation index from initial conditions (energy, position in decay cell, pitch
angle) have been validated against Kassiopeia (https://github.com/KATRIN-Experiment/
Kassiopeia). The derivation of the analytic formulas used and comparison to Kassiopeia
are presented in Appendix [D] This Monte Carlo is still being calibrated and validated and so
hasn’t yet been used to analyze any systematic effects in detail. Figure and Figure [5.15

illustrate some of the current capabilities of the simulation package.


https://github.com/KATRIN-Experiment/Kassiopeia)
https://github.com/KATRIN-Experiment/Kassiopeia)
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Figure 5.8: Distortion to ratio vs field for different binning schemes (npunks = 1,5). Note
that the cusps are caused by the absolute value crossing zero and that in order to present a
smooth line a 0.25 T window was swept continuously over the fields of interest. Note that
in the y-axis label (abs <RR—“;J€ — 1>) Ry denotes the ratio including the wall effect efficiency

and Ry denotes the ratio obtained without any efficiency included.
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(b) Simulated wall-effect distortion of 1?Ne ratio-corrected spectrum for nopunks = 1.

Figure 5.9: The top plot shows how the wall-effect effects drastically effects the spectral
shape of ”Ne in the absence of the ratio technique. The bottom plot shows how the ratio-

corrected does have some minor distortion relative to the true pdf.
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Figure 5.10: Simulated wall-effect distortion of *Ne ratio-corrected spectrum for nepunks =

2,5 demonstrating the power of finer binning for cancelling efficiencies.
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Figure 5.11: Ne (top) and ®He (bottom) SM spectral density (solid line) with the energy-
width of the 18.0 — 19.1 GHz frequency bandwidth for magnetic field values .75 T - 3.25 T in
0.5 T steps (shaded). The energy-width of the extended bandwidth (red outline) illustrates

the energies in which CRES events could possibly rise into being visible for t;,,, = 35 ms.
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Figure 5.14: Example output of the he6-cres-spec-sims package (for demonstration). Here

we see that first order sidebands (band_ num = +1) gain power as the maximum z position

(and therefore the modulation index) of an event increases.



148

1200 ——
10007
8001 i

6001 =

Freq (MHz)

400

200_;2; o

Time (ms)

Figure 5.15: Sparse spectrogram (SNR threshold of 3) from a simulated spec file. The
simulated SNR response is oscillating with frequency and the simulated event lasts from 1

to 8 ms, has a 125 MHz axial frequency, and three visible tracks associated with it.
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Chapter 6

DATA ANALYSIS AND PRELIMINARY RATIO
MEASUREMENT

In this Chapter we begin with a description of the event reconstruction procedure in
Section [6.1] Event reconstruction refers to the process of going from a raw spectrogram
(spec file) to a set of distinct events and associated event properties (such as event SNR,
start/stop time/frequency, etc.). In Section we describe the generic procedure of taking
a set of reconstructed events originating from both *Ne and %He, building the ratio from
that, and comparing that ratio to expectation. In Section we present an analysis of a full
(preliminary) ratio measurement taken at CENPA in the Fall of 2022. Finally, in Section
we discuss the most important systematics to address as He6-CRES works towards a high

precision measurement of bpje,..

6.1 Event reconstruction

To robustly reconstruct events our data analysis involves (1) applying a signal-to-noise-ratio
(SNR) cut to the raw spectrogram, (2) clustering above-threshold points into track seg-
ments, and (3) clustering track segments into events. Katydid, a modular C++-based anal-
ysis framework developed by the Project 8 collaboration, has been adapted for the specific
event reconstruction needs of He6-CRES [81]. A python-based post-processing does one fi-
nal clustering of colinear tracks. The quality of event reconstruction was verified using both
visual inspection and comparison of expected and observed distributions of reconstructed

event properties.
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6.1.1 Katydid

Katydid utilizes processors that are connected via a yaml configuration file that specifies
the signal/slot relationships between the processors. Each processor receives data inputs
(signals), does some data processing, and then passes data outputs to the next processor
(slots). He6-CRES forked the original Project 8 Katydid repository (https://github.com/
project8/katydid) in order to adapt it to the specific needs of our experiment.

Project 8 wrote time-domain data to disk whereas He6-CRES writes frequency domain
data to disk (as spec files) so a processor (spec-processor) that takes frequency domain
data as an input was constructed. The Katydid configuration file that we used for the ratio
measurement presented below took two spec files as input: one noise file, and one data file
containing CRES events to be reconstructed. A gain-variation processor averages the fre-
quency spectra of the noise file and fits the resulting mean colored noise curve to a spline. This
spline function is then used by the discriminator processor to threshold the data. This is
done according to a pre-configured threshold SNR value which is multiplied by the frequency-
dependent mean noise to obtain the threshold: typically set to around 9, and referred to as
the ‘Katydid Fourier bin SNR threshold’. This results in a (relatively) uniform density of
above-threshold points. The above-threshold points are then grouped into track segments
by the sequential-track-finder. The sequential-track-finder processes the spec file
slice by slice, taking each above-threshold point and seeing if another above-threshold point
sits in line with it (to within some pre-configured time/frequency error) according to the
pre-configured initial slope and continues in this way (recalculating the slope with each addi-
tional point) to build up track segment objects. The sequential-track-finder processor
is configured to only find track segments between 3 and 5 points long. This is to overcome
the fact that tracks are curved. Then these track segments are clustered via a dbscan pro-
cessor that utilizes a C++ implementation of the DBSCAN clustering algorithm [31][3] The

clustering radius (in frequency and time) is pre-configured and is scaled according to the

!The Katydid DBSCAN implementation was written by Noah Oblath of He6-CRES and Project 8.


https://github.com/project8/katydid
https://github.com/project8/katydid
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field-dependent slope of the CRES events such that the clustering area is kept constant. The
output of this final processor are long tracks (not yet considered events)ﬂ

Note that the analysis procedure described here is optimized for long tracks with small
jumps due to scattering with residual gas or curvatures due to resonances. This was to
optimize our analysis’s performance over the largest swath of CRES energies without needing
to implement a unique analysis strategies in each energy regime. Future iterations of the
experiment will likely want to implement a Katydid analysis similar to the low-energy, high
scattering analysis utilized by Project 8 for the low-field regions.

As was described in Section [3.8) when an acquisition of CRES data is initiated by the
DAQ user, a specified number of spec files with the exact same configuration (main field, trap
current, etc.) are acquired. The group of spec files (often 100 per acquisition) are assigned
a single run_id and unique file_ids. The slow controls data (main field, trap current, etc.)
associated with each run_id are written to the he6cres_db (housed on rocks, the CENPA
computing cluster). Every night spec files are rsynced from the DAQ computer to rocks.
Katydid is run on a large set of nodes within rocks and the field dependent configuration
parameters such as the initial slope in the sequential-track-finder processor and the
DBSCAN radius in the dbscan processor are calculated automatically by looking up the
field associated with the run_id in the he6cres_db and using that field to calculate the
(approximate) track slope via the via the free-space Larmor formula [62].

Katydid on rocks outputs a set of root files (one per spec file) organized by run_id.
Each of these root files contains important track-level properties such as SNR, track start

time/frequency, track end time/frequency, slope, etc.

6.1.2 Python post-processing

A python-based post-processing procedure is then responsible for aggregating the results

from an entire experiment (defined loosely as a set of run_ids, typically consisting of a single

2Heather Harrington is the main Katydid developer within He6-CRES.
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isotope covering a range of different fields), and applying a final clustering and cleaning.

The Katydid dbscan processor clusters based purely on the proximity of tracks in fre-
quency and time which leads to track segments that are not colinear being mistakenly clus-
tered into a track object. These ‘barnacle’ track segments are cut by dropping any track
segment whose time intercept is more than 2 sigma away from the mean time intercept of
the set of track segments that make up the track object (an example of a barnacle cut from

an event is seen in the top row of Figure |6.2)).

After this cleaning procedure, a final clustering is done on the time intercept of the track
objects. The SNR response of the detector is oscillatory: causing low SNR events to come in
and out of detection. This final layer of clustering serves to connect colinear tracks that are
far from one another in frequency and time due to these SNR oscillationd’] The clustering
radius (‘eps’) is chosen based on histograms of the time deltas between track time intercepts.
There is a steep rise in counts observed close to zero caused by the broken and colinear tracks

and the field-dependent clustering radius is selected as the knee of this histogram.

Figure demonstrates the main steps of the analysis procedure applied to “Ne CRES
events observed at 1.75 T. Figure[6.2| which features a main band and two first order sidebands
illustrates the important role the Katydid Fourier bin SNR threshold plays in the resultant
set of detected eventd’] The top row of Figure also demonstrates the important role
the layer of DBSCAN clustering of colinear tracks plays, in that one can see a 200 MHz gap
between track segments in the event labeled 11. Without this final clustering layer this event

would be mistakenly identified as two independent events.

Figure [6.2] also illustrates the difficulty of determining whether an event originated below

the visible bandwidth. Because the SNR response peaks around 600 MHz (see Figure

3Since the SNR oscillations have a period of ~100 MHz a clustering based on proximity in frequency
and time would lead to severe over-clustering.

4Note that our analysis procedure isn’t currently capable of grouping the three bands of Figure into
one event. We treat each band as a unique event object, despite all three bands originating from one
CRES electron. Since the number of detectable sidebands scales linearly with the event density, the effect
should cancel in the ratio.
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a low SNR event may not be detectable until towards the middle of the bandwidth. This
effect is discussed at length in Section [6.3]

Finally, the python post-processing aggregates the events and all calculated features
such as event SNR, start/stop time/frequency, etc. across an entire experiment (typically
consisting of many files across many different fields for a single isotope) and writes them
to one events.csv file on rocks so that further analysis can easily be conducted on local
machines. Beyond the event-wise features the monitor rates and field values associated with
each spec file in the experiment are written to disk (files.csv). The field value and
monitor rate are written to the he6cres_db every 1-3 seconds during an experiment. The
post-processing uses the time the spec file was created to find the main field value and
£ monitor rate closest in time to that acquisition (usually within 2 seconds). Thus each
row of the files.csv contains the crucial environmental data associated with each second

of acquired data. This environmental data is crucial to the building of the ratio discussed

below in Section [6.2
6.2 Building the ratio

A ratio measurement loosely consists of taking both Ne and °He CRES data at a variety
of different fields. For Phase 1 we have decided to use the main field values of 0.75 — 3.25
T in 0.25 T steps, for a total of 11 fields. Once data is taken at these 11 fields for both
isotopes and one has run the Katydid and python post-processing of the data on rocks one
constructs the experimental ratio as was described in Section [3.1] Here we outline how this
is done explicitly for completeness.

Once one has the events.csv, containing the event-wise features, and the files.csv,
containing the file-wise environmental data, one simply sums up the events observed at each
field and sum up the monitor rate observed during each second of data at each field. One
then takes the ratio of these to obtain a source-intensity normalized CRES event rate per
field per isotope. The field-wise ratio of the normalized Ne rate and the normalized ®*He rate

is the experimental ratio (re.;, see Equation [3.2). The statistical uncertainty is calculated
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Figure 6.1: Demonstration of the three main event reconstruction steps for a set of Ne

CRES events observed at 1.75 T in October 2022 run_id = 532, run_id = 2).
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Figure 6.2: Demonstration of the effect of the Katydid Fourier bin SNR threshold (SNR
cut) on event reconstruction. The spectrogram contains a main band and two first order
sidebands originating from ®He observed at 2.5 T in August 2022 (run_id = 393, run_id =
0). One can see that the choice of the SNR threshold has a large effect on the resulting set

of reconstructed events.
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by propagating a v/N uncertainty in the four observables (CRES rate and monitor rate for
19Ne and SHe) through to the ratio (see Equation [3.3)).

Then once the experimental ratio (re.,;) and it’s uncertainty (oe.,;) are calculated one
can compare to expectation (or obtain a fit to bpie.) via Equation . There is some
additional complexity to the comparison between observation and expectation that arises
from whether or not one attempts to fully veto events originating from below the visible

bandwidth. This will be discussed in detail in Section [6.3] below.
6.3 Preliminary ratio measurement

In this Section we present the preliminary ratio measurement taken in Autumn 2022. Sub-
section |6.3.1] will present the details of the experimental process and Subsection [6.3.2] will

present the analysis of the ratio measurement.

6.3.1 Ratio measurement experimental process

In Autumn 2022 500 seconds per field of CRES data for both He and '°Ne were taken at
main field values of 0.75 — 3.25 T in 0.25 T stepsﬂ with a fixed relative trap depth of 2.55
parts-per-thousand. This trap depth was chosen such that at 3.25 T, we were applying 1.800
A to the trapping coil, the maximum safe current recommended for the 26 AWG gauge wire
of the trap coil (this corresponds to 0.415 A at 0.75 T).

The data written to disk sums to ~90 minutes of CRES data per isotope and the data
for each isotope was taken in continuous ~36 hour campaigns separated by approximately
six weeks. The campaigns were long relative to the amount of data written to disk for two
primary reasons. First, it took approximately 40 minutes for the main field to come to
equilibrium when switching the field value despite leaving the superconducting solenoid in
driven mode. Second, there were vacuum issues that needed to be addressed continuously

throughout data acquisition. These vacuum issues were particularly tricky with the *Ne run

5We started at high fields and worked down towards 0.75 T because changing fields was faster when
ramping the field down in magnitude.
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due to the fact that the 1?Ne gas system (see Subsection |3.3.2)) contains significant amounts
of Ny that gradually saturates the Cryo-II and eventually (after 1-2 hours) overpowers the
decay cell with Ns. In order to prevent this build-up of residual gas we had to turn on the

Cryo-II heater between each field in order to burn off and pump the Ny that had accumulated.

A key challenge for a high precision ratio measurement is ensuring that the experimental
conditions are identical (to within the desired uncertainty) between the two isotopes. Fig-
ure shows the main field error in parts per million (ppm)ﬂ The error bars illustrate the
standard deviation of field values observed during the time period data was acquired at the
given field. Note that the differences between the set field and true field are primarily due to
uncertainties in the relationship between the current and resulting field in the superconduct-
ing solenoid. Agreement could be improved by iteratively using the observed field to adjust
the set current in the magnet but this wasn’t necessary for the desired level of precision.
The current field matching between Ne and *He field values would result in a &~ 2 x 1073
systematic error on a determination of by, (see the field uniformity Monte Carlo study
presented in Section . This is more than enough field uniformity for the current proof
of principal. Another order of magnitude in field uniformity would be necessary to got to
a 1073 determination of bpy.,.. which would be obtainable with field shimming. However,
shimming would make data taking even more time consuming. Another option would be to

incorporate the true field values as measured into the Monte Carlo expectation of the ratio.

Due to very high background levels of 4% annihilation gamma radiation present during
the Ne data run we had to use the 3 telescope as opposed to the SIPM-based 3 monitor
(as was used for the “He run) for source-intensity normalizations. The telescope utilizes a
coincidence between two different detector regions which cuts down drastically on background
counts. As was shown in Section [3.7] the j telescope is stable to the percent level over 24
hours, which is sufficient for this proof-of-principle demonstration of the ratio technique.

Background suppression measures are being implemented to ensure that higher precision

6Here 0 means the true field is exactly equal to the set field
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measurements will be able to utilize the § monitor for source-intensity normalizations. The
current S monitor is already stable to 2 parts-per-thousand over 24 hours and work is being

done to ensure it is even more stable over a longer time period in the future.

An unfortunate consequence of waiting 6 weeks between isotope runs was that the cry-
ocooler which cools the He6-CRES apparatus (see Section was shut off and brought
up to room temperature for routine vacuum maintenance. When the apparatus was cooled
back down it was discovered that the noise floor was slightly different, as is illustrated in
Figure[6.4] This caused the SNR response of the detector to be slightly different between the
%He and '"Ne data sets. Figure [6.5|shows the mean SNR of the track segments detected for
both ®He and *Ne CRES data during the Autumn 2022 data campaign. Despite the distinct
noise floors, the SNR response is very similar in shape, with the peaks in He SNRs slightly
(5-7%) higher than those for Ne. This slight difference in SNR response could effect the

detection efficiency and therefore systematically effect the ratio measurement. Simulating
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the effect of these slight differences in SNR is beyond the scope of this work given that future
iterations of the experiment will be able to trivially mitigate this effect by not turning off
the cryocooler between isotope runs. We attempt to get a handle on this potential system-
atic via running our analysis with a wide range of Katydid Fourier bin SNR thresholds (see
Subsection below). Note that a constant difference in detection efficiency between *Ne
and ®He (meaning at each field there was 10% higher detection efficiency for '?Ne than ‘He
for example) will not effect the viability of the ratio measurement as it will be accounted
for by the normalization constant C' (see Equation . It is only a field-wise difference in
detection efficiency that would cause a systematic effect as these differences would not be

dealt with by the normalization constant C'.
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6.3.2 Comparing observed and predicted ratios

In the following sections we present two different approaches to analyzing the results of the
ratio experiment. In Subsection |6.3.2.1] we present an analysis that involves the least num-
ber of cuts to data. We compare the total CRES rate observed, including events originating
from below the visible frequency bandwidth to the expected rate as found via Monte Carlo
simulations that include events originating below the visible frequency bandwidth (see Sec-
tion . By “from below” we mean they are born with a cyclotron frequency less than 18
GHz and lose energy to radiation, rising into being detectable before the trap cycle ends.
In Subsection we present an analysis that involves (attempting to) cut all events
coming from below the visible bandwidth. This type of analysis proves more difficult but

has the advantage that one can easily interpret the ratio results in the energy domain as was

discussed in Subsection [5.1.4

6.3.2.1 Including events from below

The simplest approach to analyzing a ratio experiment is to make no cuts to the events
output by the python post-processing procedure described above in Section 6.1, This means
that all events, even those that originate below the visible frequency bandwidth (below 18.0
GHz) and rise into being detectable before the trap is emptied, are included in the analysis.
This approach has two major advantages. First, the number of events born below the visible
bandwidth outnumber events born within the visible bandwidth by a factor of up to 2.5
(it’s field and isotope dependent, see Figure of Sectio. This means that vetoing all
events from below results in a very large reduction in statistics. Second, vetoing all events
from below is difficult due to the occasionally broken nature of events. It is not easy (even by
eye) to determine if the event illustrated in Figure originated from below or not. Since
low SNR events are more likely to be broken and therefore misclassified as originating in
the visible bandwidth, one needs to cut low SNR events to successfully veto all events from

below, even further reducing event counts and the statistical power of the measurement. An



162

attempt at an analysis that cuts all events from below is shown in Subsection [6.3.2.2]

Ratio data taken at 0.75 T and 1.0 T was excluded from the analysis in this Subsection
as well as the analysis presented in Subsection [6.3.2.2] The reason for this is that scattering
systematics are not cancelled in the spectral ratio at these fields. The residual gas envi-
ronments, as monitored by a residual gas analyzer (Stanford Research Systems RGA-100),
differed between the Ne and SHe data runs. The scattering cross section with ?H and Ny,
as well as other prominent residual gases, rolls off with energy, meaning that low-field (and
therefore low-energy) data is most effected by the differing residual gas environments. The
mean event lengths differed greatly between '?Ne and ®He data at 0.75 T and 1.0 T. At 0.75
T the mean event length for 1°Ne was 3.0 ms whereas for °He it was 5.7 ms. At 1.0 T the
mean event length for "Ne was 7.9 ms whereas for He it was 12.5 ms. These observations
are consistent with higher residual gas pressures measured during *Ne data acquisition. At
fields higher than 1.0 T (1.25 - 3.25 T in .25 T steps), the mean event lengths are within ~1
ms of one another. Figure demonstrates that the field-wise track length distributions for
Ne and He are notably different at 0.75 T and 1.0 T.

As was discussed in Section the Katydid analysis conducted on this data was not
optimized to deal with low-field CRES data in which tracks are short and events are often
comprised of many tracks due to scattering-induced jumps in frequency. In principal, one can
address scattering systematics at low fields by either having a robust enough analysis that
event reconstruction is immune to the presence of scattering or by ensuring experimentally
that the residual gas pressures are identical. Fortunately, at higher fields the scattering
systematics are greatly suppressed due to the decrease in scattering cross sections. For
the proof-of-principal analysis presented here, we opt to simply exclude these two lowest
fields where the scattering environments are resulting in different event length distributions.
Future phases of the He6-CRES experiment will need to pin down this systematic more
quantitatively through both experimental and Monte Carlo simulation efforts.

The number of events detected per isotope at a given field is a function of the Katydid

threshold used in the analysis (see Figure . The effect of this threshold should, in
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Figure 6.7: Spectral ratio plot of Ne/®He observed with CRES including residuals with
respect to Monte Carlo (lower inset). Different scattering environments for the two isotopes

prevent the cancellation of efficiencies at low fields (not shown).

principal, be identical between the “Ne and ®He data and therefore cancel in the ratio.
However, as discussed above in Subsection [6.3.1] the noise floors and therefore SNR responses
of the detector were slightly different in the '°Ne and He runs. To estimate the size of this
effect experimentally we ran our analysis with a range of different Katydid Fourier bin SNR
thresholds. The analysis only works within a specific range of SNR thresholds, so we ran the
analysis with SNR thresholds that span that functioning range (8, 9, 10, 11)|Z|.

The comparison of the experimental ratios obtained to Monte Carlo is shown in Figure[6.7,

The comparison is done according to the procedure outlined in Section [6.2]

"The reason the analysis only works within a specific range of Katydid Fourier bin SNR thresholds is
that at very high thresholds there aren’t enough above-threshold points for tracks to be identified by the
sequential-track-finder processor and with low thresholds there are too many above-threshold points
and the sequential-track-finder processor is overwhelmed by noise and can’t function properly.
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We can see that the spread in ratio values obtained for different Katydid SNR thresholds
exceeds what one would expect for purely statistical fluctuations, particularly at the highest
fields. We assume this indicates a systematic effect that is not cancelling perfectly in the ratio,
likely related to the slightly different SNR responses of the ?Ne and ®He runs. The spread in
ratio values obtained from this study cannot (admittedly) be taken to be representative of the
full systematic error of this measurement; extensive systematic studies would be necessary
to precisely quote a systematic error which is outside of the scope of this work. With the
above caveat, a single ratio was obtained with a field-wise average of the ratios obtained
in the study above and systematic uncertainties were estimated by calculating half the full
range of ratios obtained from different Katydid Fourier bin SNR thresholds (8, 9, 10, 11)

and added in quadrature with the statistical uncertainties.

With a more representative field-wise error, we can refit the data. There are three free
parameters in the fit; the normalization constant (C'), the amount of time the trap is on
(ttrap), and bpier.. A minimization of the x? (given by Equation except for now the
expected ratio is obtained with the ‘from below’ Monte Carlo presented in Section
was conducted with the python package 1mfit [80]. As is recommended in the package
documentation, first a brute-force grid search over the parameter space is conducted to find
rough estimates of the absolute minimum of the objective function. Then, using the best
brute-force values to initialize the parameters, the Levenberg—Marquardt algorithm is used
to find the best fit values more precisely. The uncertainties assigned to the fit values are
obtained by inverting the Hessian matrix of the objective function (x?).

Figure shows the fit results compared with predicted ratios obtained from Monte
Carlo for bpjer, = 0, £1. The fit results for all three free parameters are shown in Table [6.1]
Note that the trap-on slew time is left as a free parameter because we don’t have precise
knowledge of how long the trap is capable of trapping electrons. We know from both ex-situ
measurements of the trapping field with a sensitive pick-up coil and in-situ measurements
using the curvature of ™Kr events that the 95% - 0% trapping field fall time is roughly a5

ms. Since the power supply is on for 35 ms, a fit time of &~ 39 ms is sensible. One can also
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see that the maximum event lengths observed in Figure and Figure[L.7)are around 40 ms.
Future iterations of the experiment would benefit from running the entire experiment with
different trap-on times (t¢.qp) in order to get a better handle on these eddy current effects.
We are working on an £ X B trap-emptying mechanism which will result in ~0.1 ms trap
fall time, largely negating this effect. It is also of note that each of the four ratios shown in
Figure (for the four different SNR thresholds used), when fit to the ratio predicted by
Monte Carlo, result in values for ¢4, that are consistent within uncertainties with the final
value quoted in Table [6.1]

The exact number of CRES events detected per isotope is dependent on the exact Katydid
SNR threshold used, with lower SNR cuts resulting in more detected events. For Ne we
obtained between 2.03 x 10* and 2.58 x 10* total detected CRES events and for ‘He we
obtained between 3.81 x 10* and 4.70 x 10* total detected CRES events during the 2022 data
run.

The results presented in Figure and Table represent the realization of the final
experimental benchmark of Phase 1 of the He6-CRES experiment; developing and executing
a campaign for an O(10%) counts per isotope ratio measurement of *He and Ne allowing
for a proof-of-principle measurement of bp;.,, with ~ 107! statistical sensitivityﬂ There is
significant simulation and experimental work to do before a fully defensible measurement of
brier. can be quoted, but nonetheless, the work presented here represents an important step

towards a high precision measurement of bg;.,.. with CRES.

6.3.2.2 Cutting events from below

It is also worth conducting an analysis in which one attempts to cut all events originating
below the visible bandwidth (below 18.0 GHz). This was the original He6-CRES experi-
mental concept and has the advantage that the count rate of events born within the active

frequency bandwidth (18.0 — 19.1 GHz) is directly proportional to the spectral density at a

8See Subsection [3.1.1) for the full list of experimental benchmarks of Phase 1.
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Figure 6.8: Spectral ratio plot of Ne/®He observed with CRES including residuals with
respect to Monte Carlo (lower inset). As described in the text, the data presented here is the
average of the four ratios obtained in the SNR study described above. Systematic uncertain-
ties were estimated by calculating the range of ratios obtained from the different Katydid
SNR thresholds (8, 9, 10, 11) and added in quadrature with the statistical uncertainties.
Different scattering environments for the two isotopes prevent the cancellation of efficiencies

at low fields (not shown).
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Fit parameter (unit) || Fit result

bpier- (unitless) 0.028 4 0.051
C (unitless) 0.3155 + 0.0074
torap (105) 38.85 + 0.68

Table 6.1: Fit results from ratio measurement, including all events coming up from below.
The reduced 2 of the fit was 2.41, indicating that the errors could still be somewhat under-

estimated. See text for details.

given field and frequency bandwidth; there is no need to specify the trap-on time (t;4,) in
Monte Carlo as there is in the analysis of Subsection [6.3.2.1, We simply use the (completely
analytic) predicted ratio given by Equation to compare prediction to observation.

With this advantage and (apparent) simplicity comes the need to confidently cut all /3
events that originated below the visible bandwidth. As was discussed above and illustrated
visually in Figure this is difficult, and why the approach in Subsection that
doesn’t rely on robust event cuts was favored. That given, there was significant effort put
into how to make these cuts in a sensible way so this Subsection is included for completeness

and to assist future efforts along these lines.

First we look at what ratio would result after a cut on event start frequency only. We
utilize the same analysis approach as is described in Subsection [6.3.2.1f using the ratios and
errors obtained from four different Katydid Fourier bin SNR thresholds (8, 9, 10, 11) to

approximate the systematic error.

Figure shows the ratio obtained when all events with a start frequency less than 200
MHz are cut. This leaves a 100 MHz buffer above the high pass filter at 100MHz for events to
be detected and vetoed (making the relevant frequency bandwidth 18.1 — 19.1 GHz). We see
that the shape of the ratio presented in Figure is in clear disagreement with prediction
(reduced x? = 7.46). This is caused by the imperfect vetoing of low SNR events originating
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below 18.0 GHz. Since the SNR response of the detector is oscillating, and peaked in the
center of the bandwidth (see Figure it is possible for sufficiently low SNR events to
not be observed at all until 200 to 600 MHz into the bandwidth, as is seen in the low SNR
events of Figure [6.2] Such events are also often broken up as they come in and out of being
detectable and misclassfied as 2 or more separate events, further exacerbating the issue. ﬂ
This is not a problem that can be fully solved with better analysis strategies as low power
events in low SNR frequency regions are often fully indistinguishable from noise.

The exact number of CRES events detected per isotope after this naive event start fre-
quency cut is again dependent on the exact Katydid SNR threshold used, with lower SNR
thresholds resulting in more detected events. For '°Ne this cut leaves us with ~ 60% of
events and for ®He this cut leaves us with ~ 55% of events.

To understand why the ratio plot of Figure looks the way it does we can reference
Figure which shows the spectral densities for **Ne and ®He over our regions of experi-
mental interest. Here we see that in the regions of high energy (and therefore high event
slope) where the effect of events coming up from below is most significant, the *He spectral
density far exceeds the “Ne spectral density (also demonstrated by Figure . This means
that with imperfect vetoing we get an abundance of ®He events at high fields, leading to a
reduction of the ratio relative to expectation at high ﬁeldﬂ.

A somewhat simplistic but instructive extension to the Monte Carlo presented in Sec-
tion , includes (as an input parameter p,e,) a probability of being vetoed for each event
that originates below the visible bandwidth and rises into being detectabldﬂ When we fit to

the ratio data presented in Figure we get a best fit veto probability of p,e, = 0.76, mean-

9The time-intercept clustering discussed in Section was implemented to mitigate this issue but it only
partially addresses the effect.

0Note that the normalization constant C' allows for the ‘centering’ of the residuals in Figure somewhat
obscuring the experimental ratio’s reduction at high fields.

HTechnically pyeso in this simulation represents the probability of being vetoed for a simulated CRES
event that traverses the entire frequency bandwidth. The veto probability is scaled linearly from 1 down
to pyeto depending on the frequency extent of the event. This relies on the sensible but naive assumption
that the larger the frequency extent of the event the more difficult it is to veto.
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Figure 6.9: Ratio plot obtained after naively cutting all events originating below 18.1 GHz

(200 MHz), in clear disagreement with prediction (reduced x* = 7.46).
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ing the veto being 76% effective best explains the data observed. With this additional free
parameter (p,ero) We obtain decent agreement between the model and observation (reduced
X2 = 1.90).

To address the issue of imperfect vetoing of events coming from below, a cut on SNR can
be made. This SNR cut must be field dependent as the signal power of CRES events is highly
field dependent. The “detectability” of an event is a complex function of time length, slope,

and SNR. A full Monte Carlo study of how these event features map on to detectability is
underway (see Section [5.3).

In order to make a field-wise SNR cut, a normalized mean event SNR feature was con-
structed which normalizes the mean event SNR to the range (0,1) based on the maximum
and minimum event SNRs observed at the given field for the given isotopﬂ. The top right
plot of Figure shows a scatter plot of normalized event SNR vs event start frequency for
all Ne and ®He ratio data (1.25 - 3.25 T in 0.25 T steps). The nonuniformities in the event
density are caused by the oscillation in the SNR response of the detector (see Figure .
As was discussed above, the oscillating SNR response leads to broken events, which means
vetoing events originating from below becomes very difficult. To guarantee that all events
from below are properly vetoed we need to ensure the SNR of events is high enough that
they will not be broken. This means that the cuts chosen should leave us with a (relatively)
uniform density of event{'®] With this in mind we choose to cut all events with a normalized
SNR less than 0.5. The right column of Figure |[6.10| shows the effect of these two cuts. The
projection onto the event start frequency axis is now relatively uniform, though does fall off

with frequency due to the frequency roll-off in event SNR.

After adding this normalized SNR cut we get the ratio presented in Figure As is

12Technically the 1% and 99% percentiles are used instead of the minimum and maximum SNRs observed
to make the normalization more robust to outliers. This explains why the normalized SNR can be somewhat
outside of the range (0,1).

130ne may (fairly) think that it should not be uniform but reflect the underlying probability distribution
of the energy spectrum. The energy bands covered by a single field are narrow enough that this is not a
large effect. See Figure
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Figure 6.10: Event start frequency vs normalized SNR without (left) and with (right) cuts.

Location of the cuts visualized in red.
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Figure 6.11: Field-wise event start frequency vs normalized SNR with cuts visualized in red.
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evident in Figure|6.10, in cutting so aggressively in SNR we drastically reduce our statistics.
For “Ne these two cuts leaves us with ~ 17% of events and for °He they leave us with ~ 13%
of events. With bpj, is left fixed at 0 in the fit, we end up with a reduced x? = 1.06.

When we leave bp;.,. as a free parameter, we get b, = -0.285 £ 0.167 (and a marginally
better fit: reduced y? =0.89). This 1.7 sigma deviation from zero is likely indicative of some
imperfect vetoing of events from below. Figure [6.11] shows the field-wise scatter plots of
normalized event SNR vs event start frequency for all Ne and ®He ratio data (1.25 - 3.25 T
in 0.25 T steps). This figure could shed some light on this bias, as we see that a normalized
SNR cut of 0.5 may not fully cut events from below at the highest fields (3.0 T and 3.25 T)
based on where the uniform density of events begins in the scatter plots. We do see a dip
in the ratio presented in Figure [6.12] compared to expectation at high fields, in accordance
with a slight abundance of °He events. One could explore an even more aggressive SNR cut
but we have already reduced our statistics by a factor of ~7 and this section is meant to
illustrate the current difficulty of cutting events from below not to present a measurement
of bpiers.

Now that we have, to the best of our ability, cut events coming from below we can present
the data via the alternate presentation described in Subsection Where one isotope (°He)
is used to calculate energy/field dependent detection efficiencies which are then applied to
the other isotope (1“Ne). This allows for a direct comparison between the *Ne SM S-energy
spectrum and efficiency-corrected Ne data.

Figure m shows the efficiency-corrected energy domain plot for Ne with nopunks = 1.
Note that this is the exact same analysis and fit presented above in Figure m (reduced 2
= 1.06), it’s just a different way to present the data. Also note that bp,, is fixed at 0 and
is not left as a free parameter in the fit.

As was discussed in Subsection [5.1.4] systematics such as the wall-effect are greatly mit-
igated by using finer frequency binning when constructing the ratio (breaking the detection
region up into nepunks equal frequency-width bins and build n¢pynks distinet ratios). Despite

this benefit, there is also a reduction in counts per bin when using finer frequency binning.
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Figure 6.12: Ratio plot obtained after cutting all events originating below 18.1 GHz (200

MHz) and with normalized SNR less than .5. The addition of the SNR cut leads to signifi-

cantly better agreement with prediction (reduced x? = 1.06).
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Figure 6.13: Efficiency-corrected energy domain plot for **Ne with npumes = 1. See text and

Subsection for more details.

Figure shows the efficiency-corrected energy domain plot for '“Ne with nepunks = 2,
meaning we break our bandwidth into two 500 MHz regions (200 — 700 MHz, and 700 — 1200
MHz). Figure clearly suffers from increased statistical fluctuations due to to the de-
creased frequency bin size and is presented here primarily to demonstrate that the approach

discussed in the abstract in Subsection [5.1.4] can be applied sensibly to real CRES data.

6.4 Discussion of systematics

The preliminary ratio measurement presented above provides valuable insight into the sys-
tematic effects most important to understand and quantify before a competitive 1073 de-
termination of bp;.,., via CRES is possible. A detailed projected systematic error budget
for a 1073 measurement of bgjer. is beyond the scope of this work but we provide a brief

discussion of the important systematic effects encountered during this proof of principle ratio



177

— pdf
19Ne CRES data
(corrected)

s . ’
= 1 . ..
g 0 . ° N d R L 0 .
$ -1 ° ° °
o : : . . : : L
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
Y

Figure 6.14: Efficiency-corrected energy domain plot for 'Ne with nepunks = 2. See text and

Subsection for more details.
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measurement.

1. Magnetic field uncertainties: As was discussed in Subsection[6.3.1], the current field
matching between °Ne and ®He field values would result in a ~ 2 x 1073 systematic
error on a determination of bp;.,... Field shimming could easily result in an order of

magnitude reduction of this effect.

2. Residual gas effects: Scattering is an important effect at low fields that needs to
either be addressed via a more sophisticated analysis that accurately reconstructs scat-
tered CRES events or with significantly decreased residual gas pressure in the decay
cell. Note that if both of these approaches prove too difficult it is still possible to have
sensitivity to bpie., without taking data below 1.75 T (where the scattering is most

prominent) as was illustrated in Subsection [5.1.1}

3. Differing 5 and 3~ cross sections: Even with precise control of the residual gas
pressures and species present in the decay cell, differing 8% cross sections (with the
residual gases) would not cancel in the ratio. This further motivates the need for better

analysis at low fields and lower residual gas pressures overall.

4. Differing SNR responses between °Ne and ®He runs: As was discussed in
Subsection [6.3.2] differing SNR responses between isotope runs will not cancel in the
ratio. This issue should be fully mitigated by keeping the cryocooler on between runs

and taking Ne and ®He data in as short an amount of time as possible.

5. f monitor instability: The current version of the [-monitor is stable to within
~ 1073 over 24 hours which corresponds to a ~ 1072 systematic uncertainty. To obtain
the next level of statistical uncertainty on bp;.,., will take longer data runs. It will need

to be ensured that the S-monitor is sufficiently stable over these longer time periods

(see Subsection [5.1.3)).
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6. False positive event detection: As far as we can tell via a manual inspection of
many hundreds of seconds of data there is an insignificant probability of noise falsely
being detected as a CRES event given our analysis procedure. However, as these false
positives wouldn’t cancel in the ratio (they don’t scale with the true event density) a
study in which the full analysis is run on many seconds of pure noise data should be

run to quantify the size of this effect.

7. Large line-width and/or over-counting for low SNR events: This is one of
the most important systematics moving forward. The claim that one can obtain high-
resolution with CRES (§E/E ~ 1073) is challenged for low SNR events. Since the
SNR response of the detector is oscillating the start frequency may be misidentified
for low SNR events (large line-width) or in the worst case the low SNR event may be
misidentified as multiple events (over-counted). Ideally, the SNR response could be
flattened by reducing the reflections within the RF system. But even with improved
SNR response, this issue will still be present to some extent and so SNR cuts may need

to be implemented.

8. Wall-effect or other detection efficiencies imperfectly cancelling: This effect
is related to the previous effect. If the line shape isn’t narrow the arguments about the
cancellation of systematics in Section [5.1.5] (which covers the binned ratio technique)
are challenged. Exactly how wide a line-shape the experiment can allow for while still

having good cancellation of systematics is something that needs to be studied in Monte

Carlo.

9. Events from below: As was discussed in Subsection even with shorter trap-on
periods, events rising from below will still be an issue. This issue intersects with the
low SNR line-shape issue in that the density of events coming from below is highly
isotope dependent and therefore non-vetoed events don’t cancel in the ratio. Whatever

strategy is used to mitigate this effect (flatter SNR response, better analysis, or an SNR
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cut) could be cross-checked experimentally by using different trap-on time periods and

ensuring that the resulting ratios are consistent.

10. Trap emptying and time-on uncertainties: Currently, due to eddy currents the
trap doesn’t turn on and off instantaneously. This is an effect that should cancel in the
ratio but a Monte Carlo study should verify this if the current trap emptying method

is kept in place.

11. Event density dependence of DBSCAN clustering: An analysis that relies on
density-based clustering to obtain an event count will result in some bias. Concretely,
the fraction of time intercepts of independent events within a given A, will increase
with the event density and therefor the fraction that are improperly clustered is event-
density dependent. In the work presented here, the number of events in a given second
is small (~ 5), so this effect is very small but as we push to higher statistics a study

needs to be done to quantify the size of this effect.

12. Radioactive contaminants: As was discussed in Section [3.3] there could be trace
amounts of radioactive contaminants produced in the creation of *He and/or *Ne which
could distort a spectral measurement. Studies putting precise limits on the abundance

of contaminants need to be conducted as we push to higher precisions.

The above represents the most important systematics encountered so far. These will need

to be considered and accounted for carefully as He6-CRES works towards higher precision.
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Chapter 7

DEEP LEARNING IMAGE SEGMENTATION FOR CRES
EVENT CLASSIFICATION

In order to precisely measure f-energy spectra over a large range in energy (O(keV') -
O(MeV)) utilizing CRES an analysis must resolve start frequencies for a diverse set of event
properties. At low energies (O(keV)) there is significant scattering and a wide distribution
of track slopes present due to RF resonances (see Chapter [). At higher energies (O(MeV))
there is little scattering (longer tracks) and much steeper slopes. In either case, tracks
often have some level of curvature as a result of RF resonances. The event reconstruction
analysis described in Chapter [6|requires roughly 20 hyperparameters be tuned in order for the
reconstruction to work well which makes analysis development time consuming as currently
a human must do this hyperparamter tuning manually. It also takes a long time to run
(50 seconds of analysis for 1 second of data), struggles to resolve events with significant
curvature, only works well for high SNR tracks due to the SNR oscillations with respect to
frequency, and isn’t capable of differentiating between sidebands and main bands.

A supervisedE] machine learning (ML) based analysis has the potential to alleviate many
of the above failures of the baseline Katydid (plus python-post processing) model. The
following work does not represent a polished presentation of a completely ML-based analysis
pipeline that is ready to be applied to real data. The direction of our experiment is still
uncertain in terms of what our data may look like in the next iteration of the experiment
(time domain vs frequency domain, etc.). Instead this work presents three studies that
illustrate the potential of an ML-based analysis to address many of our most complex analysis

issues and can be used as a starting point and framework for future ML-based analysis

!Supervised learning refers to modeling that relies on learning from labeled training data.
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development. As long as representative labeled training data can be constructed, an ML-
based approach is very flexible with respect to qualitatively different looking data. For
example, consider a future iteration of the experiment where we apply match-filtering and
our spectrogram tracks become completely flat. As long as training data reflects the new
signal structure an ML based model can be quickly retrained without much manual tuning,
whereas Katydid’s hyperparameters would need to be completely re-tuned manually and

may even break entirely, necessitating the creation of new Katydid processors.

These studies rely heavily on the ground work laid by Luis Saldana and the Project 8
ML team [98]. It is important to note that despite both collaborations utilizing CRES for
determination of S-energy spectra, the experimental goals of Project 8 and He6-CRES differ
significantly. Our experiment relies on a high statistics determination of spectra over a wide
range of energies and on the cancellation of systematics in the ratio of **Ne and He spectra.
P8 is interested in very precise energy determination in a very narrow energy band around
the tritium endpoint. As such, our analysis needs differ significantly. For example He6-CRES

could currently sacrifice frequency resolution in order to gain statistics and data throughput.

Following from the work done by Luis Saldana of Project 8, we investigate the utility
of deep learning algorithms to help solve two of our most difficult analysis issues: SNR
oscillations causing broken tracks and the classification of sidebandsﬂ CRES signals are
voltage time series’ in their simplest form. However, our FPGA (Roach) continually takes
FFTs and writes time/frequency spectrograms to disk. These spectrograms are effectively
8-bit gray-scale images and the extraction of meaningful event objects from these images can

be framed as a computer vision task.

2Note that we do believe the presence of sidebands cancels in the ratio. However, how many sidebands we
observe is currently an unknown. As such, identifying and counting them would enable another important
comparison between Monte Carlo and observation.
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7.1 Introduction to UNET for CRES

7.1.1 Convolutional neural networks

In recent years deep learning, which refers to the use of Neural Networks (NNs) featuring
multiple “hidden” layers between the input and output, has emerged as the most power-
ful means of approaching image classification, image segmentation, object detection, and
instance segmentation tasks [I13]. Image classification refers to classifying an object in an
image; for example whether an image contains a cat or a dog. Image segmentation refers
to the task of assigning each pixel in an image a class label; for example providing a mask
that colors all dog pixels as red, all cat pixels as blue, and all pixels that correspond to
neither (background) as white. Object detection refers to the task of locating (typically with
a rectangular bounding box) and classifying individual objects in an image; for example
putting red boxes around each dog and blue boxes around each cat in an image. Instance
segmentation is identical to object detection but a mask that overlays each objects bounds
in space is also provided in addition to the rectangular bounding box; for example putting
red boxes around each dog and a red mask over the contours of the dogs body for each dog
in an image and likewise with blue for cats.

Each of the four classes of computer vision tasks described above have a variety of viable
different deep learning architectures associated with them. However, all of them utilize the
Convolutional Neural Network (CNN) as an essential building block. CNNs use filters to
extract high level features from images and can be stacked on top of one another to build
more complex and abstract feature sets such as shapes and textures. These extracted features
are then used for a variety of object classification and detection tasks, as described above.
It is the filters that are optimized during training to extract the most important features
relating to the computer vision task at hand [54] 06].

Instance segmentation is most aligned to our physics goals because it would provide us
with a count of the number of side-bands and main-bands present in our spectrogram along

with masks for each detected object and a score (between 0 and 1) for how confident the
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model is about a given detection. With this information we can make cuts on the score and
extract signal-to-noise ratios (SNRs), start frequencies, etc via the provided masks. We can
also then veto the sidebands or do something more sophisticated with them. The downside
is that state of the art instance segmentation models such as Mask-RCNN and YOLO are
enormous models (O(10M) parameters) that take large amounts of training data to obtain
good performance [93, [54]. A future study could look at applying this class of ML model to

CRES event reconstruction.

7.1.2 UNET for CRES event reconstruction

A simpler approach than applying an instance segmentation model is to utilize an image
segmentation model such as UNET (with as few as O(1K) parameters, described below)
to our spectrograms and then use scikit-image (an open-source python image processing
package) to transform the image segmentation model into an instance segmentation model.

This idea was initially proposed by Luis Saldana. The procedure goes as follows:

1. Apply UNET to a spectrogram. The output consists of one softmax dimension for
each class (including background). The nth softmax dimension consists of each pixel
being assigned a value between 0 and 1, indicating the probability that that pixel
corresponds to class n. We take the maximum probability across the class dimension
(torch.nn.functional.argmax (output, dim = 1)) to assign a unique class label to

each pixel [84].

2. Apply skimage.measure.label to the predicted class mask. This will label connected
regions with a unique event ID and assign 0’s to background. Note that this process
will need to be done individually for each (non-background) class if utilizing a multi-
class UNET (for example 0 = background, 1 = main bands, 2 = sidebands). This

provides us with a mask and unique label for each event in the spectrogram [98], 85].

3. Apply skimage.measure.regionprops to the output of the above process. This
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method measures properties of the labeled image regions. The properties calculated
include the mean intensity of the region which can be used to get the event SNRH, the
pixel coordinates of the region which can be used to get the start and end frequencies
and times of the region. From these properties we can apply cuts and work towards

constructing [-energy spectra [98], 85].

There are two cases in which the above track reconstruction process would fail; discon-
nected mask regions corresponding to the same track, and overlapping tracks. Disconnected
mask regions corresponding to the same event would be assigned two different event IDs by
skimage.measure.label. This issue is largely mitigated by the fact that a UNET model
can learn to ‘connect’ tracks as they traverse regions with low SNR as is illustrated below.
The issue of overlapping tracks is not as easily mitigated. Overlapping tracks of differing
classes (for example a side-band overlapping a main-band) may be addressed by using the
softmax output from UNET intelligently, because in this case both classes will have large
scores. This could be used to reconstruct over intersections. A more sophisticated instance
segmentation model such as Mask RCNN could address the issue of intersecting tracks of the
same class, but in the current iteration of the experiment this is a relatively rare occurrence.
Also note that the event reconstruction algorithm described above (similar to the event re-
construction algorithm described and applied in Chapter |§[) doesn’t properly reconstruct
events that undergo scattering. This could be mitigated with a simple heads-to-tails event

building processor as Project 8 has implemented in the past.

7.1.8 UNET architecture

The UNET architecture was first developed in 2015 for use in biomedical image segmen-
tation [96]. The UNET model significantly outperformed the sliding window convolutional

network which was the previous best model for such biomedical image segmentation tasks.

3An added benefit of this technique is that the SNR calculated is not dependent on the Katydid Fourier
bin threshold chosen.



186

64 64
128 64 64 2
input
im.’fge > > ole o output
e segmentation
tile Sl sl 83
S A S S5 map
ol of al 4 & =
@[ i) & al o 33
x > >
N|Of 0
M~ P~ [Te] F
n|iumgw
'128128
256 128
B B
HE E <Ll
[a¥] Na¥) o

=» conv 3x3, ReLU
= = copy and crop
¥ max pool 2x2
4 up-conv 2x2
=» conv 1x1

Figure 7.1: UNET model architecture used in the original publication [96]. Each box denotes
a feature map with the number of channels on the top of the box. The image shape is given
in the lower left of each feature map box. The white boxes represent the copied feature maps
resulting from the skip connections and the colored arrows represent the different operations

performed on the feature maps. This figure is taken from Reference [96].
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Though many advances in utilizing deep learning for computer vision tasks have been made
since 2015, UNET remains a competitive algorithm for image segmentation.

UNET is a fully convolutional network consisting of a contracting and an expanding path.
The contracting path consists of a typical CNN feature extractor similar to what may be used
in a simple object classification model (determining what class of object an image contains).
The expanding path builds back up from the extracted features towards a segmentation mask
of the same = — y shape as the original image using transpose convolutions (often referred
to as up-sampling).

Our specific UNET implementation is python based and utilizes the PyTorch library[84].
The implementation relies heavily on a Double Convolution Layer (DCL) which consists
of two consecutive instances of a two dimensional convolution, a two dimensional batch
normalization, and a rectified linear unit (ReLU). Our implementation (see Appendix |E| for
the source code) takes the arguments first_feature num and num layers which determines
the depth and the number of features to be extracted at each layer.

This flexibility makes it easy to add complexity to the architecture via both the depth
and the number of features extracted at each layer. Each layer of the contracting path of the
UNET consists of an application of the DCL where the number of features output is twice
that of the input number of features input. After each application of the DCL, a max pooling
layer of kernel size and stride equal to 2 is applied. A max pool with kernel size (N,N) and
stride K implies taking an N x N subset (”pooling window”) of the image or feature map
and selecting the maximum value, then taking a stride of K to the right and doing the same;
repeating until the the entire image has been processed. This results in a reduced spacial
size, but an increased in the depth of the feature dimension (originally the color dimension).

At the bottom of the architecture after num_layers applications of the DCL and doublings
of the number of features there is a bottle-neck which doubles the number of features without
the application of a max pool. Then in the expanding path each layer contains a transpose
convolution that serves to double the spacial dimension of the feature map (acting as the

inversion of the max pool), a skip-connection where the features of the corresponding layer
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of the down are appended to the current tensor, and a DCL where the feature number is cut
in half. This eventually leads to a feature map with spacial dimensions equal to the original

image but with first_feature num features (matching the first layer of the down side.

Here a final 2D convolution with kernel size and stride 1 maps this tensor into
a tensor with the same x-y shape as the original image but with num classes fea-
tures. The elements of this output tensor will be raw logits and we can apply a
softmax layer (torch.nn.functional.softmax(output, dim = 1)) in order to normal-
ize them across the class dimension; now there are num_classes layers, the i" layer
representing the probability of the pixel belonging to class i. We can then apply a
torch.nn.functional.argmax(ouptut, dim = 1) in order to obtain a set of 2D labels

where now each pixel’s value represents the predicted class of that pixel.

The skip connection adds spacial precision to the model. We have added in the ability
to turn off the skip connections in the model and it is striking how much more poorly it
performs. It is totally unable to provide clear borders on object borders without the skip
connections. Intuitively, it adds the spacial information to the semantic information (abstract

information about texture and shape) so that the most accurate segmentation is possible.

The above is a description of the specific UNET implementation we built for this work.
Figure shows the original UNET architecture presented in [96]. Our architecture allows
for a variable number of features and layers which makes it easy to compare models of differ-
ent complexities without writing additional code. The only substantive difference between
our implementation and the originally proposed UNET is that our Double Convolution Layer
uses batch normalization after each convolutional layer. Batch normalization has been found
to accelerate the speed of training by enabling larger learning rates via mitigating the fact
that the distribution of each layer’s inputs in a deep neural net are affected as the previous

layers are altered] [60].

4Batch normalization also helps to alleviate the ‘vanishing gradient problem’ [60].
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7.1.4 Loss function: cross-entropy loss

We use the cross-entropy loss as our objective function for this study. Cross-entropy loss,
also known as negative log-likelihood loss, is used often for classification tasks in machine
learning. It is a measure of the dissimilarity or distance between the predicted probability
vector X and the ground truth probability vector Y. The ground truth probability vector
Y is represented by the one-hot encoded labels, while the predicted vector X is represented
by the predicted probability of each class.

The weighted cross-entropy loss is given by:

i=N j=C

CE(XX,Y)=> > —w¥;InXy, (7.1)

i=1 j=1

where NV is the number of training examples, C' is the number of classes, and Y and X are
the ground truth labels and prediction respectively and are both two dimensional probability
vectors of shape (N,C). Both X, Y reduce to a vector of N 1’s when summed along the
second (class) dimension of length C. The predicted probability vector X is obtained by
applying a softmax layer to the raw model outputs (logits). For us the prediction vector Y
has a single 1 and the rest 0’s because we assign only one class per pixel. Each class is given
a weight w; which can be used to address class imbalances. For our current purposes the
number of training examples N isn’t the number of training images nj,44es but is instead

given by, N = HxW annq4es, because each pixel is treated as a unique example.

7.1.5 Gradient descent algorithm: Adam

A gradient descent algorithm is a crucial component of any machine learning model; it’s
used to find the model parameters that minimize the loss function (cross-entropy loss for
this study). During training the parameters of the neural net (or machine learning model
generally) are initialized with a set of values and then the gradient descent algorithm is used
to iteratively alter the parameters according to the gradient and a learning rate. A simple

gradient descent algorithm step can be described as
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Oipr = 0; — [N J(X,0)]., (7.2)

where 6; is the vector of all parameters in the model at step i of the, ¢ is the learning
rate, X is the entire training data set, and J is the loss function whose gradient is being
evaluated at #;. This process is continued until a specified early stopping criteria is met or
the specified number of training steps have been executed. The intuition for the algorithm
is that you are simply “walking” down the loss function via the steepest path (given by the
negative of the gradient) with a given speed (given by the learning rate ).

Stochastic gradient descent is a variant of the gradient descent algorithm where the
gradient is calculated not over the entire data set but for each element in the training set
individually. This means that the steps taken are generically more noisy but since each step
can be calculated more quickly with much less computation. One can imagine that now the
path towards the minimum of the loss function is now more wandery. Despite this less direct
path towards the optima, stochastic gradient descent typically works well and is generically
much faster than vanilla gradient descent because of the increased speed of each step.

In this study we used the PyTorch implementation of the Adam (Adaptive Moment Esti-
mation) optimizer torch.optim.Adam(). Adam is a type of stochastic gradient descent that
relies on adaptive learning rates to improve convergence. Adam uses the moving average of
the gradient and the squared gradient to scale the learning rate and make intelligent param-
eter updates as training progresses. It has been found to be faster and more efficient than
many other implementations of stochastic gradient descent such as AdaGrad and AdaDelta.

A full explanation of the algorithm can be found in Reference [67].

7.1.6  Machine learning metrics

Below we summarize the three machine learning metrics used in the performance assessment
of the UNET model in the sections to follow. In machine learning metrics are used to quantify

the similarity between the targets (ground truth labels) and the model predictions. In this
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work we use Accuracy, Fl-score, and Intersection over Union (IoU), which we define below.
We define the following: TP = True Positives, TN = True Negatives, FP = False Positives,
and FN = False Negatives. Here TP would be the count of all times the target value is 1 and
the predicted value is 1. The following definitions only hold for binary classification tasks,
meaning only class labels of 0 and 1 are used. However, these definitions can be generalized
to multi-class classification tasks in a few different ways, the most common being to convert
the multi-class problem into a series of binary tasks by using a one-versus-the-rest approach.
We won’t cover multi-class classification metrics but an in-depth overview can be found in
Reference [63].

Accuracy is the number of correct predictions over the total number of predictions. Math-

ematically it is defined as:

TP +TN
TP+TN+ FP+FN'

Accuracy = (7.3)

The F1-Score is the harmonic mean of the precision and recall (see Ref. [63] for defini-

tions), and is defined mathematically as:

B 2T P
TP+ FP+ FN’

F (7.4)

The IoU, also called the Jaccard index, is intuitively the ratio of the intersection and
the union of the positive targets and the positive predictions. It is commonly used in object

detection computer vision tasks. For a binary classification task the IoU is defined as:

TP

TolU —
V= TP T FPTFN’

(7.5)

The F1-Score and the IoU are generally more suited to classification tasks with severe
class imbalance than the accuracy. As an example, imagine a set of targets with 99% false
or 0 values. A prediction of all false will have 99% accuracy. Fl-score and IoU will both be
0, as there are no true positives (TP = 0), which is more desirable and more representative

of the lack of sophistication of the prediction.
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7.2 Overview of the three studies conducted

To explore the utility of a shallow UNET architecture for the specifics of our CRES signal
structure and experimental goals three separate studies, each containing simulated training
data with different characteristics, were conducted. Instead of starting with a data set that
simultaneously contains all of the features we would like to ultimately detect/resolve, we
start with the simplest demonstration of each feature individually, verifying that the model
can perform well in these individual circumstances. We hope to move on to creating a
training dataset that is true to our CRES data and contains all of these individual features
represented simultaneously and realistically. This will likely require much more training
data and correspondingly more computational resources than were needed for these studies.

Below is a brief description of the simulated training dataset used for each study:

1. Study 1: Events with constant SNR, without the presence of sidebands.

2. Study 2: Events affected by severe SNR fluctuations, without the presence of side-
bands.

3. Study 3: Events with constant SNR, with the presence of sidebands.

The first study is used to validate that a shallow UNET architecture can provide high
quality segmentation masks for the simplest type of signal we encounter. This was, in
principle, already verified by the Project 8 Machine Learning Team, but the specifics of
their implementation were different so it is still a useful first step and sanity check. The
baseline model, utilizing the sequential track finder processor of Katydid to reconstruct short
track segments of a maximum length (typically set to 5 bins) and then a layer of DBSCAN
clustering of adjacent track segments, often performs poorly when large SNR fluctuations
are present and is completely unable to differentiate sidebands from main bands. The second
and third studies aim to explore the deep learning model’s performance in these cases when

the baseline model described in Section [6.1] fails.
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A higher precision iteration of our experiment or a more advanced analysis of our data
will need to be able to precisely determine the start frequencies of tracks with severe SNR
fluctuations and, ideally, the presence of sidebands. The deep learning UNET approach has

the promise to accurately segment spectrograms with SNR fluctuations and sidebands.

7.2.1 Simulated training data

Synthetic signals are produced in the time domain and the action of the Raoch FPGA board
and 17.9 GHz downmixer are simulated to produce realistic spec files identical to those
written to disk during experimental data acquisition in terms of bin and slice structure,
and noise distribution. The simulated training data for these three studies were built to
resemble the data set taken in the Autumn of 2022. Each simulated spec file consisted of
4096 frequency bins corresponding to N = 22 points per FFT and a 2400 MHz sampling rate.
This results in a 1200 MHz bandwidth, and roughly 300 kHz per frequency bin. Consecutive
3.4 us time slices of the FFT output are summed, resulting in a spec file time slice of approx
6.8 us.

For each simulated spectrogram a corresponding mask was generated that contains the
labels for the individual pixels. For example pixels corresponding to background are labeled
0 and pixels corresponding to signal are labeled 1. The details of the specific masks generated
for the different experiments are presented below.

The simulated training datasets were created using Python vectorized Numpy operations
for optimal computational efficiency. However, the simulations, which rely on taking the FFT
of high frequency time domain signals, are currently slow; averaging O(30 s) to simulate 1
s of data. A future iteration of these simulations may be better suited to C++ which is
generally faster.

Each of the three datasets shown below were simulated without scattering and with
normally distributed slopes with mean 10'' Hz/s and standard deviation 10'°Hz/s. This was
to approximately resemble CRES data taken at 2.75 T (given our 18.0 - 19.1 GHz bandwidth).

If a larger dataset with many different slopes was used (requiring more computing power)
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then the UNET should be able to simultaneously segment events of all different slopes without

extensive hyperparameter tuning.

7.2.2  Preprocessing data with maz pooling

One of the major challenges facing the He6-CRES experiment is the enormous amount of
data being written to disk. We have 600 MB/s being written to disk. Over the 11 fields
observed for 'Ne (and similarly for °He) we observed ~ 10 counts with 500 s of data taken
at each field. This corresponds to 3.3 TB for 10? counts or .33 GB/count (over the full
spectrum of Ne 0 - 2.2 MeV). In order to reach 1072 precision on bg,. roughly 108 counts
are needed per isotope. This corresponds to 33 petabytes of data per isotope. Even if a factor
of 10 increase in event rate is achievable through less trap slewing downtime and increased
density of radioactivity in the decay cell, this is an untenable amount of data to write to
disk.

There are many potential ways to address this issue. One of them is to apply some sort
of max or mean pooling to the raw spectrograms before they are written to disk. Another is
to apply a power cut and then apply a zero-suppression algorithm to the data before writing
to disk. In either case information is lost, however this loss in information may or may not
have a significant impact on the CRES event reconstruction efficiency which is what effects
the quality of the measurement.

Since the features and textures of our tracks are very simple (lines with potential curves)
the information contained in the spectrograms could be mostly maintained while potentially
reducing the size of the images significantly. In the three studies presented below a max
pooling layer with kernel size (16,16) and stride 16 has been applied to the raw spectrograms
before they are used to train the model or used for validation and testing. This is, among
other reasons, to simulate the decision to apply this max pooling layer before data is written
to disk. A max pool of this type applied before data is written to disk would save a factor
of 162 = 256 in memory. This would take the 33 petabytes necessary for a competitive

measurement to a more reasonable 129 TB.
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There is risk in applying a max pooling layer before data is written to disk in that the
frequency resolution of the track start frequency is degraded by a factor of roughly 16. There
is also a risk of loosing low SNR events below the noise floor, as the max pooling will degrade
the SNR of the tracks. In my experimentation I found an aggressive max pooling application
as is described here which reduces data by a factor of 256 may reduce the SNR. of signals by
a factor of 2.5 - 3. However, the SNR isn’t the only factor in track detection and the max
pooling layer also reduces the variance of the noise which generally helps detection efficiency.
Additionally, having smaller images may make detection easier in certain ways: less class
imbalance between background and signal for example. A more quantitative study of the
effects of max pooling the raw spectrogram on detection efficiency needs to be conducted
before we decide to apply this to a full ratio experiment.

The motivation to apply this max pooling layer was two-fold. One, to explore if an
analysis could perform well on these smaller lightweight images. And two, it makes exper-
imentation with deep learning models much easier if images are small. Fewer computation
resources and less time to train makes it easier to experiment and iterate which is crucial to
this initial exploratory phase of analysis development. If it is decided that too much spacial
knowledge is lost with this aggressive of a max pool then the models presented here will need
to be retrained, and may need to be deepened, but in principle they should still perform just
as well.

The spectrograms simulated for each of the studies are all 35 ms long. This length was
chosen to match the amount of time the trap was on (t;4,) during the Autumn 2022 data
run. In principle an analysis that works well on tracks of maximum length 35 ms should
perform just as well on a full 1 s spec file. The 35 ms file corresponds to an array of shape

(4096, 5126), and after the max pooling is applied the shape is (256, 320).

7.2.3 UNET implementation details

Our flexible, variable depth implementation of the UNET architecture, as described in Sec-
tion [7.1.3] is written in Python with the PyTorch library that was initially released in 2016
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and was developed by Meta AI [84]. We utilize the Pytorch Lightning Python library which
provides a high-level interface for writing PyTorch code, tracking metrics, and saving model
checkpoints. Specifically, we used tensorboard for tracking model metrics during training

and saving model checkpoints.

There are three Pytorch Lightning classes that are crucial to training. The Lightning-
Module is an object that contains the model, the training and validation steps, metrics, the
optimizer, and the loss function. The Lightning DataModule contains methods for loading
data from disk into PyTorch dataloaders and also does any prepossessing (such as the max
pool step described above). The third important class is the Lightning Trainer which governs
which devices (CPU, GPU, Cluster,...) are used for training, how many epochsﬂ to run, early
stopping, and how often to log model checkpoints. Once all three of these objects have been
appropriately instantiated training is as simple as Trainer (LightningModule,DataModule)
(pseudo-code). In this way the many components of the entire deep learning research pipeline

are containerized into three main objects and boiler-plate code is drastically reduced.

Both the simulation of the training data and the model training was done on a personal
Linux laptop CPU. For each study presented below it took less than 1 hr to build the
simulated dataset and train. Future development using more training data may need to
utilize the University of Washington GPU research cluster HYAK to keep simulation and

training wall-times reasonable.

Appendix [E] contains the source code for the PyTorch implementation of the UNET
model as well as the LightningModule, which contains all of the specific training components
used such as the Adam optimizer and cross-entropy loss function. All of the code used to
conduct these studies as well as instructions for reproducing or expanding upon this work

can be found here: https://github.com/Helium6CRES/he6-cres-deep-learning.

5The number of epochs is the number of passes taken through the entire training set during training.


https://github.com/Helium6CRES/he6-cres-deep-learning
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7.3 Study 1: Constant SNR tracks, no sidebands

This first study was used to verify the ability for our implementation of a shallow UNET
architecture to segment spectrograms containing simple, constant SNR tracks with no side-
bands present. This was already demonstrated by Luis Saldana with a much deeper UNET
architecture via a TensorFlow implementation [98]. It is presented as a sanity check and a

verification that our PyTorch implementation is working well.

7.3.1 Specifics of simulated training data

Here we describe the specific simulation parameters of the data set used in this study. There
were 50 spectrograms simulated, each 35 ms long. In total 200 events were simulated,
uniformly distributed over the 50 simulated spectrograms for an average of 4 events per file.
All of the events were simulated as a pure chirp (straight, not curvy), without scattering, with
a flat noise floor, and with a flat SNR. The track lengths were uniformly distributed between
0 and 35 ms though many were shorter than their allocated length due to reaching the top
of the 1200 MHz frequency bandwidth. The start frequency of the events were uniformly
distributed from the top of the high pass filter to the top of our bandwidth; 100 - 1200 MHz.
This is not technically physical as there is always an underlying start frequency distribution
due to the energy spectrum but this is a small effect and not crucial to these studies. The
slopes were normally distributed with mean lell Hz/s and standard deviation 1lel0 Hz/s
(to approximate 2.75 T data). The SNR of the event was constant along the extent of the
event and the SNR for each individual event was normally distributed with mean 8.2 and
standard deviation ~ 1.2. Note that the above is a description of the spectrogram before
the application of the max pooling. The SNR values were reduced by a factor of 2.5-3 as

mentioned above by the action of the max pooling.
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7.3.2  Model hyperparameters and training configuration

Here we describe the specific UNET hyperparameters and training settings used in the train-
ing of the model. A proper hyperparameter grid search wasn’t conducted because such good
performance was obtained with these parameters, which were found with relative ease. The
PyTorch Lightning DataModule used a batch size of 8, a preprocessing max pool with kernel
and stride 16 (as described above), and split the 50 spec file dataset into training, validation,
and test dataloaders with following relative proportions: 0.6, 0.3, 0.1. The Adam optimizer
used for training had a learning rate of 5 10~*. The cross-entropy loss used a weight of 10:1
on signal:noise pixels, which accelerated and rewarded the identification of the signal pixels.
The number of output classes from the model, num_classes, was two: signal, noise. The
input first_feature number was 4, and the input num_layers was 2, meaning the number
of features extracted was 4, then 8 in the two layers of the contracting side of the UNET.
The model was trained for 250 epochs.

7.3.8  Study results

The model performed extremely well with the hyperparameters and training configuration
described above and it took only took 16 minutes to complete the 250 epochs of training on a
laptop CPU. A visualization of the model’s performance on a single spectrogram from the test
set (not seen during training or validation) is presented in Fig. , and a zoomed in version
of the prediction is shown in Fig. [7.3 To qualitatively assess the model’s performance,
compare the top right subfigure (target or ground truth), to the bottom right subfigure
(model prediction after full course of 250 epochs of training) in Fig. and Fig. . In
both the targets and predictions the transparent overlay uses the class mapping: white =
class 0 = background, red = class 1 = track. The prediction masks were obtained by applying
torch.nn.functional.argmax(output, dim = 1) to the raw logits output by the model.

In the bottom right subfigure of Fig. we see that the model misidentifies the end of the

event by a few pixels which would result in an inaccurate start frequency determination. Luis
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Saldana and the Project 8 Machine Learning Team developed a method of trimming these
extra pixels. We don’t present that process here, but we could also in principle implement

such a method [98].

Figure [7.4] shows the Loss, Accuracy, Fl-score, and IoU of the model for both training
and validation over the course of the 250 epochs of training. These metrics are defined in
Section [7.1.6] and as was discussed, the Fl-score (Eq. and the ToU (Eq. are most
representative of model performance for classification tasks with severe class imbalance such
as this. For most computer vision tasks an IoU of 0.7 or even 0.5 is considered strong

performance, and here the validation IoU exceeded 0.95, indicating excellent performance.

7.4 Study 2: Tracks with oscillating SNR, no sidebands

The second study was used to verify the ability for a shallow UNET architecture to segment
spectrograms containing tracks with severely oscillating SNR and with no sidebands present.
Intuitively, this asks the model to provide a continuous mask for tracks that are only period-
ically ‘visible’, a task that the baseline model of connecting adjacent high power bins cannot

do.

7.4.1 Specifics of simulated training data

Here we describe the specific simulation parameters of the data set used in this study. The
simulation parameters were identical to the ones used in Study 1 (Sec. except for the
simulated gain and SNR. The mean SNR of the event was normally distributed with mean

7.0 and standard deviation =~ 1.05. A sinusoidal gain function with mean 1, amplitude 1

27x20
1200e6H z

(resulting in a min value of 0 and a max value of 2), and frequency of was applied
to the post-FFT signal (and not the noise). This resulted in an SNR that had 20 periods
contained in the full frequency bandwidth of the experiment. At the trough the signal had

zero amplitude.
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7.4.2  Model hyperparameters and training configuration

Here we describe the specific UNET hyperparameters and training settings used in the train-
ing of the model. A proper hyperparameter grid search wasn’t conducted because such good
performance was obtained with these parameters, which were found with relative ease. The
PyTorch Lightning DataModule used a batch size of 8, a preprocessing max pool with kernel
and stride 16 (as described above), and split the 50 spec file dataset into training, validation,
and test dataloaders with relative proportions: 0.6, 0.3, 0.1. The Adam optimizer used for
training had a learning rate of 10 * 107*. The cross-entropy loss used a weight of 10:1 on
signal:noise pixels. The number of output classes from the model, num classes, was two
(signal, noise). The input first feature number was 4, and the input num layers was 3,
meaning the number of features extracted was 4, then 8, then 16 in the three layers of the
contracting side of the UNET. It was found that the model didn’t perform as well with only
2 layers. The model was trained for 250 epochs.

7.4.83 Study results

The model performed extremely well with the hyperparameters and training configuration
described above and it took only took 11 minutes to complete the 250 epochs of training
on a laptop CPU. A visualization of the model’s performance on a single spectrogram from
the test set (not seen during training or validation) is presented in Fig. m, and a zoomed
in version of the prediction is shown in Fig. One can see that the model ‘understands’
that the track still exists between two regions of high SNR.

Figure shows the Loss, Accuracy, Fl-score, and IoU of the model for both training
and validation over the course of the 250 epochs of training. Here, similarly to the first study,

the validation IoU exceeded 0.95, indicating excellent model performance.
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7.5 Study 3: Constant SNR tracks, sidebands

The third study was used to verify the ability for a shallow UNET architecture to perform a
three class classification; differentiating between mainband, sideband, and background pixels.
Intuitively, this asks the model to use the surrounding pixels and features to decide if a given
pixel belongs to a mainband or sideband, a task that the baseline model, which is inherently

binary (differentiating between signal or noise), cannot do.

7.5.1 Specifics of simulated training data

Here we describe the specific simulation parameters of the data set used in this study. There
were 100 spectrograms simulated, each 35 ms long. In total 200 events were simulated,
uniformly distributed over the 100 simulated spectrograms for an average of 2 events per file.
The track lengths, start frequencies, and slopes of the events were generated in an identical
fashion to the first two studies. Each event was simulated as a frequency modulated chirp
with modulation index A uniformly distributed between .9 - 1.1 and an axial frequency f,ziau
uniformly distributed between 60 MHz - 100 MHz. All of the events were simulated without
scattering, with a flat noise floor, and with a flat SNR. The amplitude of the signal was fixed
such that the main band had a mean SNR of 11.68, and the sidebands had a mean SNR
of 6.62, with the spread in track SNRs originating from the spread in modulation indices.
Note that, just as above, this is a description of the spectrogram before the application of
the max pooling. The SNR values were reduced by a factor of 2.5-3 as mentioned above by

the action of the max pooling.

7.5.2  Model hyperparameters and training configuration

Here we describe the specific UNET hyperparameters and training settings used in the train-
ing of the model. A proper hyperparameter grid search wasn’t conducted because such good
performance was obtained with these parameters, which were found with relative ease. The

PyTorch Lightning DataModule used a batch size of 8, a preprocessing max pool with ker-
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nel and stride 16 (as described above), and split the 100 spec file dataset into training,
validation, and test dataloaders with relative proportions: 0.6, 0.3, 0.1. The Adam op-
timizer used for training had a learning rate of 8 x 107%. The cross-entropy loss used a
weight of 20:10:1 on mainband:sideband:background pixels. The number of output classes
from the model, num classes, was three (mainband, sideband, background). The input
first _feature number was 4, and the input num layers was 3, meaning the number of
features extracted was 4, then 8, then 16 in the three layers of the contracting side of the

UNET. The model was trained for 500 epochs.

7.5.8  Study results

The model performed extremely well with the hyperparameters and training configuration
described above and it took 56 minutes to complete the 500 epochs of training on a laptop
CPU. A visualization of the model’s performance on a single spectrogram from the test set
(not seen during training or validation) is presented in Fig. and a zoomed in version of the
prediction is shown in Fig.[7.9] One can see that the model can precisely differentiate between
sidebands and mainbands. In Fig.|7.10 we see an example where there are overlapping events.
We see that even in this confusing example the model segments the spectrogram accurately.
It is interesting to note that since the weight given to the main bands in the loss function
was higher, the classification of the mainband pixels occurs earlier, as can be seen in the
bottom left subfigures of Fig. [7.9] and Fig.[7.10] In both the targets and predictions shown
in Fig. [7.§] and Fig. the class mapping is: white = class 0 = background, red =
class 1 = main band, green = class 2 = sideband.

Figure shows the Loss, Accuracy, Fl-score, and IoU of the model for both training
and validation over the course of the 500 epochs of training. Here, similarly to the first and
second study, the validation IoU exceeded 0.95, indicating excellent model performance. For
the metrics shown in Figure [7.11], the macro-average is used. This means that the given
metric for each class is calculated using a one-versus-the-rest strategy and then the average

across each class is taken.
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This study represents the first sideband classification algorithm developed by our collab-
oration. Despite this being a very limited demonstration, given that such a limited range
of modulation indices and axial frequencies were simulated, it illustrates that a lightweight

UNET model such as this could perform well to classify sidebands.
7.6 Conclusion of UNET studies

The process of image segmentation using UNET followed by using the sklearn method
(skimage.measure.label) to obtain instance segmentation, as discussed in Section [7.1.2]
could be a powerful CRES event reconstruction algorithm. We’ve demonstrated that the
approach could accurately reconstruct tracks over frequency regions with an oscillating SNR
response and could be used to detect and therefor count or veto sidebands. Though this was
not explicitly demonstrated, the UNET model should also perform well with curvy tracks,
as long as the training data contains curvy tracks.

We have not put significant work into incorporating an ML-based model such as this
into our Katydid based analysis pipeline but Chapter 5.5 of Luis Saldana’s thesis contains
a good description of how this could be done [98]. It is important to note that currently a
heads-to-tails approach as is implemented in Katydid is still necessary to deal with clustering
scattered (s into one event object. This was largely ignored here for simplicity and because
our data contains little scattering above 1.5 T.

The above ML-based event reconstruction using UNET has distinct advantages over the
baseline Katydid model but it doesn’t intrinsically address scattering, it fails when main
events overlap, and it could only be used to veto sidebands but not to group associated
sidebands and mainbands into one event. An instance segmentation model such as Mask-
RCNN or YOLO could solve these issues [54, [93]. An instance segmentation model such as
this could accurately group scattered tracks, sidebands, and overlapping tracks into events.
The main downside to these models is that they are O(10 million) parameters compared to
our shallow UNET models which have O(10 thousand) parameters, so are slower to train

and take longer to make predictions on data. What to pursue ultimately depends on the
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physics goals of He6-CRES. Winston DeGraw of He6-CRES has made some progress towards
the application of the Mask-RCNN instance segmentation on CRES data (https://github.
com/wdegraw93/he6-cres-deep-learning). Figure demonstrates the model’s ability
to properly resolve scattering.

These three studies and the flexible modules presented in Appendix [E] are meant to serve
as a starting point for future analysis development. In order to have a data-ready model we

will need more realistic and abundant training data.


https://github.com/wdegraw93/he6-cres-deep-learning
https://github.com/wdegraw93/he6-cres-deep-learning
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Figure 7.2: Track identification performance on a 35 ms simulated spectrogram from the test

set (not seen during training). Simulated tracks have fixed SNR and no side-bands. In both

the targets and predictions the class mapping is: white = class 0 = background, red = class

1 = track. (a) Raw 35 ms spectrogram from test set. (b) Spectrogram with overlaid targets

(a) = .4). (c) Spectrogram with overlaid predictions from the 25™ epoch of training (o) =

4). (d) Spectrogram with overlaid predictions from the 250" epoch of training (o) = .4).
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Figure 7.3: Track identification performance on a 35 ms simulated spectrogram from the
test set (not seen during training); zoomed in. In both the targets and predictions the
class mapping is: white = class 0 = background, red = class 1 = track. (a) Raw 35 ms
spectrogram from test set. (b) Spectrogram with overlaid targets (o) = .4). (c) Spectrogram
with overlaid predictions from the 25" epoch of training (a) = .4). (d) Spectrogram with

overlaid predictions from the 250" epoch of training (o) = .4).
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Figure 7.5: Track identification performance on a 35 ms simulated spectrogram from the

test set (not seen during training). Simulated tracks have severe oscillations in SNR and

no side-bands.

In both the targets and predictions the class mapping is: white = class

0 = background, red = class 1 = track. (a) Raw 35 ms spectrogram from test set. (b)

Spectrogram with overlaid targets (a) = .4). (c) Spectrogram with overlaid predictions from

the 25 epoch of training (o) = .4).

250" epoch of training (o) = .4).
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Figure 7.6: Track identification performance on a 35 ms simulated spectrogram from the

test set (not seen during training); zoomed in. Simulated tracks have severe oscillations in
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= class 0 = background, red = class 1 = track. (a) Raw 35 ms spectrogram from test set.
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Figure 7.8: Track identification performance on a 35 ms simulated spectrogram from the test
set (not seen in training). Simulated tracks have fixed SNR and a single set of side-bands. In
both the targets and predictions the class mapping is: white = class 0 = background, red =
class 1 = main band, green = class 2 = sideband. (a) Raw 35 ms spectrogram from test set.
(b) Spectrogram with overlaid targets (o) = .4). (c) Spectrogram with overlaid predictions
from the 25" epoch of training (o) = .4). (d) Spectrogram with overlaid predictions from

the 250 epoch of training (o) = .4).
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Figure 7.9: Track identification performance on a 35 ms simulated spectrogram from the test
set (not seen during training) with overlapping tracks. Simulated tracks have fixed SNR and
a single set of side-bands. In both the targets and predictions the class mapping is: white =
class 0 = background, red = class 1 = main band, green = class 2 = sideband. (a) Raw 35 ms
spectrogram from test set. (b) Spectrogram with overlaid targets (o) = .4). (c¢) Spectrogram
with overlaid predictions from the 25" epoch of training (a) = .4). (d) Spectrogram with

overlaid predictions from the 250 epoch of training (a) = .4).
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Figure 7.10: Track identification performance on a 35 ms simulated spectrogram from the
test set (not seen in training) with overlapping tracks; zoomed in. Simulated tracks have
fixed SNR and no side-bands. In both the targets and predictions the class mapping is: white
= class 0 = background, red = class 1 = track. (a) Raw 35 ms spectrogram from test set.
(b) Spectrogram with overlaid targets (o) = .4). (c) Spectrogram with overlaid predictions
from the 25" epoch of training (o) = .4). (d) Spectrogram with overlaid predictions from

the 250™ epoch of training (o) = .4).
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Figure 7.12: Example of Mask-RCNN applied to CRES data with scattering.
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Chapter 8
CONCLUSIONS

8.1 Experimental Summary

The He6-CRES collaboration is working towards competitive sensitivity to tensor currents
in the weak interaction via a precise determination of bg;.,... This thesis presents much of the
work done to complete Phase 1 of the He6-CRES experiment whose overarching goal was
to demonstrate that CRES can plausibly be used to achieve a 10~ measurement of bpjer»
via the ratio of °He and *Ne spectra and to discover what experimental design, analysis,
or simulation bottlenecks may hinder such a measurement. In particular, this dissertation
presents the work done to complete the hardware, software, and experimental goals outlined
in Section 3.1

To summarize, we have built the second-ever functioning CRES apparatus and observed
initial CRES signals from %3mKr (see Chapter . We present the first-ever observations
of O(MeV) #*’s via CRES with ‘He and 'Ne (see Chapter [4}). And finally, we present a
campaign for an O(10%) counts per isotope ratio measurement of °He and '°Ne allowing for a

proof-of-principle measurement of bp;.,.. with ~ 107! statistical sensitivity (see Chapter @
8.2 Towards a 102 determination of bp;.,, with CRES

Taking the ratio of He and Ne provides an immense suppression of systematic uncertainties
via the cancellation of energy-dependent efficiencies. Despite this, moving towards a 1073
determination of bg;.,., with CRES via the ratio technique will require significant upgrades
relative to the Phase 1 iteration of the experiment presented in this thesis. The He6-CRES
collaboration is working step-wise towards the goal of a 10~% determination of bp;e,,, with the

next goalpost being a ~ 1072 determination of bg;.,.. Here we briefly describe the hardware,
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Monte Carlo, and analysis improvements necessary to attain this next level of sensitivity.

1. Hardware:

(a)

Reduced residual gas pressures: Low energy ¥ experience significant scat-
tering. Ideally we would help mitigate this effect by having significantly lower

residual gas pressures in the decay cell.

Increased frequency bandwidth: A larger frequency bandwidth would serve
the dual purpose of increasing event counts for a given source intensity and en-
abling an easier time constructing overlapping sections of spectra to verify the

functioning of the source intensity normalization.

E X B trap emptying: A trap emptying mechanism relying on having a decay
cell that is made of two electrically isolated half-cylinders and applying a voltage
across them in order to empty the trap in O(100 ps) is in development. Note
that since the gap between the two pieces is much less than the wavelength of the
radiation, the RF properties are left relatively unaffected. This will fully resolve
the eddy current issue in that the trap coil will no longer be slewed off to empty

the trap.

Increased (-monitor stability: The current S-monitor is stable to within ~
1073 over 24 hours. However, to obtain the next level of sensitivity on bpjer. a
longer data run will be necessary (likely around 50 hours per isotope assuming
other data taking processes are sped up) so we will need to be certain the monitor

is sufficiently stable over that time period.

Lighter weight spec files: Currently each second of data is 0.6 GB, meaning
that the ratio measurement presented here entailed .6 GB x 500 seconds x 11
fields x 2 isotopes = 6.6 TB of data written to disk. Using a conservative thresh-

olding of the spectrogram data and then applying zero-suppression to the data
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before it’s written to disk results in a ~ 100 reduction in data written to disk and

is currently being developed.

(f) Flatter SNR response: The fact that the SNR oscillates with respect to fre-
quency makes vetoing events from below difficult and causes lower SNR events to
be falsely detected as two or more distinct events. Flattening the SNR response

of the detector by reducing RF reflections would significantly simplify analysis.

2. Monte Carlo:

(a) Detailed particle-level simulation: Further developing the particle-level
Monte Carlo presented in Section will be necessary to make precise compar-
isons between observation and expectation. This will include correctly simulating
the (potentially still oscillating) SNR response of the detector and inputting re-
alistic simulated spec files through the entire analysis pipeline so as to properly
account for any effects lurking there. Scaling a Monte Carlo such as this to have
much better statistics than the desired experimental dataset will be a significant

challenge even with smaller data files.

3. Analysis:

(a) Better event reconstruction at low fields: As was illustrated in Chapter [f]
the best sensitivity to bg;e.. is obtained when one measures the ratio over a wide
breadth of energies. To properly resolve events at low energies, where scattering
will be present even with reductions in residual gas pressures, a different analysis
approach will need to be applied there that properly stitches together scattered

tracks into events.

With these relatively minimal improvements He6-CRES should be able to attain a 1072

determination of bgj.,, in the near future.
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8.3 Final remarks

Traditional spectroscopy techniques using solid state detectors that rely on § energy loss in
matter contend with percent-level corrections due to 8 (back-) scattering and bremsstrahlung
losses. Spectral measurements using conventional magnetic spectrometers also have O(1
%) corrections due to scattering in collimators and other effects related to the distance (s
travel before detection [I16]. Utilizing CRES for the determination of O(MeV)-endpoint
[-energy spectra is a novel approach to precise 8 spectroscopy with an entirely new set of
considerations and systematics many of which were first encountered via the work presented
in this thesis. A new experimental technique will always have challenges to overcome but
the outlook of a competitive 102 determination of bpje,. via CRES in the next 5-6 years is

promising.
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Appendix A
CHIRP SNR OPTIMIZATION

A.1 The concept

A.1.1 A balance

Freq Bin

at

Slice Too Long

W

Qo

Freq Bin Too Wide

DO

[u—y

(@]

1 2 4 5 Slice

Figure A.1: Imagine the Track Slope expressed in units of Freq Bin/Slice.

In order to maximize SNR a balance between bin width and slice length, which are
inversely related to one another, must be struck. If the slices are long relative to the CRES
track slope then the track leaves the bin before the end of the FFT, which decreases the
power in that bin. If the frequency bin width is too wide you are adding noise power
unnecessarily because the noise power per bin scales with the bin width. See Fig. for

a visualization of this. In order to optimize SNR we want the slope to be unity in units of



221

frequency bin width divided by time slice length.

A.1.2 A more precise model

In order to construct a more precise model of the effect of the bin structure on the SNR of a
track we need to consider the average SNR over a track and we also need to consider tracks
that don’t start in the bottom left corner of a bin.

We define the SNR of a given bin to be the signal power in that bin over the noise power

in that bin. The mean SNR of such a track will be:

Power x # slices 1
SNRM@(LTL = N X kT Af (Al)
Signa?;ar Bin 1/Noise per Bin

Where N is the total number of bins that the track traverses through, Af is the size of
a frequency bin, and T, is the equivalent noise temperature of the entire RF system. Since
the power and equivalent noise temperature 7, are constant for a given track and the time
duration of a track is proportional to b, the number of slices it passes through, we can reduce

our expression to:

Power % b y 1 B Power o b
N KT,LAf kT, NAf
—— N N~

Signal 1/Noise physics dagq

SN Ryfean = (A.2)

To gain some intuition let’s first consider a track that starts and ends in opposite corners
of an a x b grid. See Fig. [A.2] For such a track N, the total number of bins the track passes
through will be:

N =a+b—GCD(a,b) (A.3)

Where GCD(a,b) is the greatest common divisor of a and b. This formula can be un-

derstood when you consider that there are a horizontal lines and b vertical lines that must



222

Freq Bin

Track Slope (m)= ¢

’ Slice

Figure A.2: A track traversing an a x b grid.

be crossed by the track as it crosses the grid and for each line it crosses it enters a new bin.
However, whenever it crosses a grid vertex it crosses a vertical and horizontal line simultane-
ously but only enters one bin, so you are over counting by one every time you cross a vertex.
And the number of vertices you cross (including the very last one in the top right corner) is
equal to the greatest common divisor of a and b.

In the more general case where the track starts in an arbitrary position on the frequency
axis (for ease let’s consider only tracks that begin and end on a vertical grid line) we add in
one more bin in the top right corner. And for physical tracks, the GCD of a and b will be 1.

So for a track starting at an arbitrary frequency, that starts and stops on vertical grid lines:

N=a+b=bm+1) (A4)

For a track slope of m = 3. Note that including tracks that start at arbitrary times will
only increase N by 1 or 2. Let us consider the “daq” part of Equation/A.7] because we would
like to consider how to optimize the daq for SNR. Note that this isn’t a unitless quantity
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(it has units of seconds) but we simple multiply by the “physics” part of that equation to
obtain a unitless SNR. We see that

b b 1

SNRMeanO( NAf - Afb(m+1) - Af(m+1)

(A.5)

Now consider that m here is expressed in the units of frequency bins per slice (unitless)

which is the physical slope divided by Af? (because an FFT requires At = Aif)
SN Rygean o = (mphym’ +A f) B (A.6)
AFTZEE= LT~ A

To find the Af associated with the max mean SNR for a given physical slope mphysical
we take the derivative of the above expression with respect to Af and set it equal to zero.

We get:

O(SNRMEM) —0=— M Pphysical + Af - (_mPhysical T 1) N Af = /m - (A 7)
aA—f —Af —Af2 v/ " Physical :

Which is the same result you get based on intuition but now we have a function to work

with.

A.1.8 Is this the best we can do?

Is it true that Af = | /Mphysical corresponds to the best possible SNR obtainable for a fixed
track slope, track power, and noise floor? There are two knobs one can turn on the daq: the
points per FFT (N) and the sampling rate (fs). The choice of these fully determine A f, At,
and the total measurement bandwidth (BW).
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BW = fE (A.10)

One can see here that the ratio fN = Af is what ultimately determines the SNR of
a track. You can’t modify the daq in such a way to beat the optimal SNR achieved by
Af = \/Mphysical because you can’t escape the fact that Af and At are always inversely
related. What you can do is increase the points per FFT (V) and the sampling rate ( f5) such
that the ratio fﬁ is maintained. This will result in an increased experimental BW without

any loss of SNR.
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Appendix B
KAPTON ADSORPTION OF HELIUM

Reference to this appendix is in ch 2, sec 2.3 (cres apparatus) FOR THIS APPENDIX
(WORK ON LATER): Appendix A: Kapton absorption of helium Take main stuff from here:
https://www.overleaf.com/project/5e1e1310be536d0001442cbb, And also include just the
experimental stuff from here: https://www.overleaf.com/project/5cc0a036{5be224069f3e321

MENTION THAT THIS SHOULD GENERALIZE TO NEON AS WELL.

B.1 Background

B.1.1 General governing equations

In order to address the issue of He’s absorption into Kapton we first need to present the
theory that governs the diffusion of noble gases through a permeable thin foil of thickness [.
The permeability K establishes the net flow rate () through a solid and is given by

A
Q=K TAP (B.1)
for a film of thickness [ and cross-sectional area A where AP is the change in pressure across
the film. It is important to note that Equation is only valid in equilibrium, when the
concentration profile in the film is constant in time. The permeability K can be considered

as a product of the diffusivity D and solubility b.
K=Db (B.2)

The diffusivity determines the rate at which a gas flows in a material. The solubility defines
the concentration of gas in the solid at a given partial pressure (or, equivalently, the chemical

potential of the gas in the solid relative to it in vacuum)[9].
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In order to measure K experimentally one can measure an equilibrium state flow @) in
conjunction with Equation [B.I] In order to measure D experimentally one must observe the
time evolution of gas flow after establishing a pressure gradient across the film. Solubility b
can be obtained via measurements of K and D in conjunction with Equation [B.2]

In presenting the equations that govern the time evolution of the gas flow we follow the
notation of Reference [9]. We begin by assuming no decay of the diffusing atoms. The
diffusion current of a substance with concentration (number of atoms per unit volume in 3d

or number of atoms per unit distance in 1d) C' is given by:
J=-DVC(C (B.3)

where we implicitly assume that C' is a function of position and time and D stands for the
diffusion coefficient. The conservation of atoms requires that the concentration at any given

point satisfies:
oC /ot = =V - J. (B.4)

These two equations yield “Fick’s Equation”, which in one dimension is:

oC(x,t) 9°Cl(x,t)
ot =D 2 (B:5)

where we now show the explicit dependence on x and t. To fix ideas, the dimensions of the

variables and quantities in 1d are:

Can) = —
(D] = g
(e t)] = %

The solution to Fick’s equation, which describes the concentration as a function of position

and time expressed in terms of the concentration at ¢ = 0, f(z’), is given by[9:

1 1 o0 , , _(w/7I)2
C($,t):§\lm/ dx f(!lf)e 4Dt | (B6)

A detailed derivation of this solution is given in Appendix [B.4]
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B.1.2  Finute lifetime effect on diffusion

In order to take into account the decay of ®He we add a decay term to Equation [B.4}

oC(a,t) _ , 9°Cla1)

o S5~ AC(.) (B.7)

and use as a trial function the same structure as Equation [B.5] but this time with:

¢(r) = Acoskx+ Bsinkzx (B.8)

F(t) = aexp{(—(K*D+X)t)}. (B.9)
As above, one can verify:

Mgi’t) = —(KD+2) C(x,t) (B.10)

% = —k*C(x,1). (B.11)

The proposed trial function is thus a solution of the modified Fick’s equation, Equation [B.7]
The solutions are just like for the case without decay with the exception of the modifica-

tion:
E*D — k*D + \ (B.12)

The consequent modification of Equation is:

C(z,t) =
%/(: dx' f (') /000 d e~ (D)t g k(x — ') =
e x Cy—o(z, 1) (B.13)

where C\—g(x,t) is the solution with A = 0.
In summary, the effect of a finite lifetime is simply to multiply the solution for A = 0 by
the factor e=*t. It effectively increases the diffusivity [Equation [B.12]. Thus, the distribution

profiles are not affected.
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B.1.3  Modeling our experimental configuration

Our own situation can be modeled most easily as a volume V', at temperature T, with a
constant flow R of SHe particles (7 ~ 1s) into the volume. An area A of the volume wall is
a film of width ¢ and permeability K and the rest of the volume is impenetrable. Our initial
conditions are that the volume and film are at zero concentration/pressure and that at t = 0
the in-flow R is turned on. The space on the other side of the film is kept at zero pressure.
So long as equilibrium is reached in seconds or less all we would like to know is the steady
state pressure Pyeqqy inside the volume.

Only toy model of the time evolution of the situation is presented but the steady state
pressure found should be correct.

At first we take the flow into the film as negligible because the flow into the film is a
function of the pressure on the film which is initially zero [Equation . In this case we

have:
AN
— ——NA+R
dt *
V dP 1%
irar - Lrrt TR (B.14)

where the ideal gas law is used, A = %, and k is the Boltzmann constant. Solving this

separable differential equation we find

RET
P=——(1-¢e". B.1
(- e (B.15)
So on the order of 7 =~ 1s an equilibrium pressure of P = % is reached.

Now in a second or so (7, = .56s) an equilibrium flow @ is established into the film. A
new equilibrium pressure in the volume is reached, again on the order of the lifetime. This

new equilibrium condition is:

N
%;zOz—NA+R—Q (B.16)
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Where @ in steady state is given by [Equation [B.1]:

Q=AP K% (B.17)

Where the AP represents the pressure change over the film. Our final equilibrium pres-

sure 1s:

(R— Q)T
p—r =/
VA
REkT 1
P = ( )\ > |+ ETEA
+ e
1
P=P—— (B.18)
e

With P, being the pressure in the volume given no permeation into the film. Let us
assume that Schowalter et al [I0I] are correct (at least in order of magnitude) in their
measurement, of the permeability K of helium into Kapton. Then the effect of the Kapton

on the steady state pressure of our system Pjeqqy is a 1077 effect.

B.2 Literature review

With knowledge of the solubility b and diffusivity D of *He, and an understanding of how a
finite half-life effects diffusion dynamics, we would be able to calculate the pressure of SHe

in our decay volume as a function of the flux entering the volume.

B.2.1 Harvard-group determination of the Diffusivity of 4 He

In search of data on the permeability b of “He through Kapton at pressures and temperatures
relevant to our experiment, we found only Schowalter et al [I01]. The group measures K and
D and uses the relation K = Db to come up with an indirect measurement of the solubility

b. The group measures the diffusivity D by placing a constant high pressure (about 1 atm.)
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of gas on one side of the Kapton foil and using a Residual Gas Analyzer (RGA) to measure
the partial pressure of helium on the low pressure (initially evacuated) side.

Figure shows the setup and Figure shows a sample of their data. In Equation (3)

BG = Baratron Gauge

Rotary CG = Convectron Gauge
Vane Pum IG = lon Gauge
P RGA = Resid. Gas Analyzer
Film e
Gas Inlet —» BG
"~>C X —» Turbo Pump
Film Holder ||

Figure B.1: Figure 1 of Schowalter et al (Reference [101]).

of Reference [I01] the authors show what they used for calculating the gas flow versus time,

Q(t),
Q) = Qo (1 + zie*m/@gm(—n") . (B.19)

There is an apparent typo in the Harvard-group paper: where the paper reads ¢*t/D we
have used D t/¢? [9]. We use ¢ for the membrane thickness, which is labeled d in the Harvard-
group paper. In Appendix we present the solution to Barrer’s Equation particular to
the boundary condition that the left side of the membrane is held at constant pressure and
the right side is held at zero pressure. Our solution (Equation corresponds exactly to
Equation (3) of Reference [101] (Equation in this work).

In Reference [101] they claim that the “diffusivity D is determined by fitting the solution
to the one-dimensional diffusion equation (Equation (3)) to the partial pressure data shown
in Figure 2.” This data is shown in Figure here (for Argon). However, (Equation (3)) is
not the correct equation to use for partial pressures. In the limit of large ¢ in (Equation (3))

a constant flow rate (g is reached. This corresponds to a linear increase in pressure in the
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Fig. 2. (Color online) Sample data used to determine permeability and diffusivity.
At t=0, gas is introduced to the high-pressure chamber and allowed to come in
contact with the film. Due to the pressure difference across the film, the gas begins
to permeate the film. The argon gas partial pressure rises asymptotically to a
steady-state pressure after a characteristic breakthrough time, t,, defined in Eq. (4).

Figure B.2: Figure 2 of Schowalter et al (Reference [101]).

low pressure chamber not to an equilibrium pressure as they find. The issue does not seem
like a typo in their label, since, in addition to the label on the figure, the end of the figure
caption reads “The argon gas pressure rises asymptotically to a steady-state pressure after
a characteristic breakthrough time, ¢,”. The characteristic time ¢, that they are identifying
with the time it takes the system to reach an equilibrium pressure is defined in the literature

[9] as the t-intercept of the pressure in the linear limit [Equation |B.46]:

ty= —— (B.20)

The Harvard-group is pumping the low pressure side of the membrane which results in
this steady-state pressure. The time to reach a steady state pressure (which they identify
with Equation [B.20]) is a function of this pumping rate, not the diffusion D, as they claim.
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The time evolution is governed by (derivation in Appendix :

— = — -1 B.21
B BS (POS ) ‘ (B.21)

Where P; is the pressure on the right side of the membrane, F, is the fixed pressure on
the left, S is the pumping speed on the right in m?®/s, Q is the diffusion rate into the right
volume in atoms/s, T is the temperature, and k is the Boltzmann constant. We see that the
time to reach the steady-state pressure is only a function of the pumping speed S and the
volume V.

The fact that Harvard-Group uses a function describing flow to fit to pressure data, and
that they seem to misidentify ¢, leads to the conclusion that the diffusion coefficient extracted
via their method is incorrect. The solubility b of He that they quote is a function of this

diffusivity D so is also of questionable reliability.

B.2.2  Motiwating our measurement

There is one other group that has investigated the absorption of helium into Kapton at
pressures relevant to our purposes that was conducted by A. Eggenberger et al [29]. However
they only found the permeability K, not the diffusivity D or the solubility b of helium
through Kapton. Given the lack of reliable measurements of the parameters we need, we

have conducted our own experimental investigation of the absorption of ®He into Kapton.

B.3 Experimental determination of *He absorption into kapton

B.3.1 Methods

We have designed an experiment to quantify the absorption of He into Kapton. We will
measure the apparent mean lifetime of °He in a decay volume with its inner surface area lined
with Kapton film. Because the Kapton is at a distance from the two parallel scintillating

panels that detect decay electrons, He atoms that decay after being absorbed onto the
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Kapton film will not be detected. This will lead to a decrease in measured (apparent)
lifetime.
The time derivative of the number of particles in the volume without Kapton in the

volume N is given by:

dN =N
_— = B.22
dt T ( )

Where 7 is the mean lifetime of He. The time derivative of the number of particles in

the volume with Kapton in the volume N’ is given by:

dN' N N
— 2 — Pus—Au, B.2
dt ;e (B.23)

where v, is the velocity of the gas perpendicular to the film which is given by the tem-
perature of the gas, A/V is the ratio of surface area (of Kapton) to volume of the decay
cell, and P, is the probability of absorption upon collision with the film. Thus the relative
difference between this apparent lifetime and the lifetime measured without Kapton in the

volume is given by:

-7 A
“ s P (B.24)

In May 2018 lifetime data was taken with Kapton in the decay volume and without.
Each run was made up of 100-200 14-s cycles. A single 14-s cycle was comprised of 1 s of
pumping to clear the volume, 3 s of °He filling, and 10 s in which the volume was closed and
decay data was taken. The histogram of the decay spectra was recorded cumulatively over
the course of one run, meaning that a given time bin contains the total counts that occurred
at that time over all cycles in the run. Data from a run is shown in Figure

The decision to histogram cumulatively made the analysis challenging. There was sig-

nificant deadtime and variability in °He production between cycles within a given run. The
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inconsistency in lifetime found between runs with the same run parameters (either with
Kapton or without) was of the same order as the difference across runs with different run
parameters. The experiment was inconclusive. However, it did indicate that the effect of the

absorption cannot be large.

B.4 Solution to Barrer’s equation

We start with ”Fick’s Law” in one dimension:

oC (x,t) D 92C (z,t)

Y 52 (B.25)

The solution can be expressed as a product of a position-dependent part and a time-

dependent part:

Clx,t) = ¢(z) F(t) (B.26)

with
¢(r) = Acoskz+ Bsinka (B.27)
F(t) = aexp{(—kDt)} (B.28)

with k£ a real positive number. One can verify:

oC (z,t)

02C (z,t) N
SR AA B.
-5 k2 Oz, t) (B.30)

confirming that the proposed trial function is indeed a solution.
Because any value of k yields a possible solution, the sum of terms of the form of Equa-
tion is also a solution. Since k can take any positive real value, the solutions can be

expressed as:

C(z,t) =
/00 dk [g(k) coskz + h(k) sink z] e **P? (B.31)
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where g(k) and h(k) can be determined by boundary conditions at ¢t = 0 via:

g(k) = %/_OO dr' f(z') cosk ' (B.32)
h(k) = %/_OO dr' f(2') sink 2. (B.33)

Here f(2') represents the concentration profile at ¢ = 0. Replacing into Equation the

solution can be expressed as:

C(z,t) =
% /OO dk e Dt /OO dx' f(x") cosk(x — 2') (B.34)
0 —o0
Inverting the order of the integrals:
Clx,t) =
%/OO da' f(x') /000 dk e ¥ Pt cos k(z — ). (B.35)

From a table of integrals we obtain:

o0 1 o —z)?
/0 dk e Pt cosk(x — 2') = 3\ / Dlte_( =0 : (B.36)

So, the final equation for the concentration as a function of position and time, C(z,t),

expressed in terms of the concentration at ¢t = 0, f(z'), is given by:

Clxz,t) =

11 e
5 m/_oo dx f(w)e 4Dt | (BS?)

B.5 Particular situations: The finite solid with fixed pressure

This is Barrer’s Eq [9].

A more relevant solution for the concentration of solute in a membrane that is in contact

with a gas at constant pressure is that corresponding to the boundary conditions:
Cy for 2’ =0 at all ¢
f@)=9 0 for0<a' <latt=0 (B.38)
0 foraz’=/¢atallt
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The third condition is reasonable assuming that the right side of the membrane is always

kept at low pressure. For this case, the solution is

Clz,t) =
> 1 )2 nmwx
o _~ L —(nm/0)2 Dt nmxr
Co [(1—z/0) E e sin | (B.39)

1
This equation fulfills the boundary conditions. Figure shows the concentration versus
position at ¢ = 0 and at some chosen subsequent times, expressed as a ratio of the squared
of the membrane thickness divided by the diffusion coefficient, £2/D.

In a typical experiment a gas is kept at constant pressure on one side of a membrane and
the pressure is monitored on the outflow volume on the opposite side. In the high-pressure
side, the relation between the pressure, p;, and the gas concentration in the membrane is

given by Henry’s law [9]:
C() = D1 S (B40)

where S is the solubility. The equation for the concentration can be used to extract the flow

of particles on the low pressure side:
J=-=DoC(x=1{,t)/0x. (B.41)

Then, assuming this flow is all going to the outflow volume, its pressure should change

with time at a rate:

dp  AKT
—=—0D i B.42
D AL Doc( = 1)jon (B.42)

Taking into account Equations |B.39, |B.40| and |B.42| we get:

dp AkTDS 226 (/0

prial 4 Pcosnm| . (B.43)

The time integral is useful:
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1

w2 D n?
2 o & 2 p, (—1)"
_ - —(nw/0)*Dt\ _—~) B.44
fot 6D w2D - c n |’ ( )

where we made use of

n? 12

i o 7 (B.45)

Equation [B.44] is used to point out that, at long enough times, the pressure grows linearly
with time, and a tangent to the pressure curve intersects the p = 0 axis at a time ¢, that
depends on the diffusivity:

€2

by = ——
"7 6D

(B.46)
which can be used to determine D experimentally.
B.6 Time evolution towards steady state pressure

Consider a volume V' of pressure P, being pumped at a rate of S m3/s with a constant input
of Q) atoms/s. Note that in our case the rate of diffusion through the membrane @ is given
by Q = K %AP where K is the permeability, A is the foil area, and [ is the foil thickness.
Thus, in the case when the pressure on the right side of the membrane P; is much less than
the fixed high pressure on the left, AP (and therefor @)) is approximately constant.
Treating the helium as an ideal gas, we find the time evolution of the number of particles

n in the volume is given by:

— =l (B.47)

where T is the temperature, and k is the Boltzmann constant. Using separation of

variables we find:
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VdP,

Mo—pg M
Pi(t) = kﬁQ — (kTSQ - PO) e SV, (B.48)

where Fp is the initial pressure in the volume.
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Figure B.3: A histogram of decay events (ms bin size) recorded during a run of ~200 14s

cycles fit to a dead time effected exponential. Here the fitted half-life was 7/, = 812 ms.
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Figure B.4: Plot of Equation|B.39

for different times: magenta: ¢ = 0; black: ¢ = 0.01 (¢£2/D);

red: t = 0.1(¢%/D); blue: t = (¢*/D). For these plots /D = 4. The wiggles in the ¢t = 0

distribution are due to taking the sum only up to n = 200.
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Appendix C
POSTGRESQL DATABASE (he6cres db) DETAILS

Details on each column of the four PostgreSQL tables (run_log, spec_files, nmr, and
monitor) that are written to during CRES data acquisition by the He6-CRES DAQ-UI. See

Section 3.8 for more context.
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run_log || Table column Type | Description

run_id INT Unique identifier of data run.
created_at TIME | Date and time of row creation.
num_spec_acq | INT Number of acquisitions (spec files) in data run.

analog_inputs | INT Number of analog inputs (always 1 as of 2023).

freq.ch INT Number of frequency bins (4096 typically).
run_notes TEXT | Notes on the run.

roach_avg INT Number of slices summed by ROACH2 (2 typically).
roach nyquist | INT Nyquist frequency of ROACH2 (1.2 GHz typically).
set_field REAL | Main field set value.

trap_config TEXT | Indicates set current and trap cycle structure.
true field REAL | Current nmr field value.

requant_gain | INT Factor used by ROACH2 to put powers in 0-255 range.

acq-length ms | REAL | Length of each file (in ms).

rga_* REAL | RGA partial pressures of 11 residual gas species (Torr).
rga_tot REAL | Sum of all RGA partial pressures (Torr).

monitor_on BOOL | True if g monitor table is being written to.

nmr_on BOOL | True if nmr table is being written to.

isotope TEXT | Radioactive isotope being studied (Nel9, He6, or Kr83m).
rf_side INT 0 = U-side, 1 = I-side.

Table C.1: Description of each column in the run_log table of the he6cres_db.



243

spec_files || Table column Type | Description
spec_id INT Unique identifier of spec file.
created_at TIME | Date and time of row creation.
run_id INT run_id associated with this file.
file path TEXT | File path of file on DAQ computer.
file_sizemb REAL | File size (MB).
packets INT Number of packets in file.
num_gaps INT Number of chunks of missing packets.
mean_gap REAL | Mean gap size.
max_gap INT Max gap size.
num_dropped_packets INT Total number of dropped packets.
frac_of packets_ dropped | REAL | Dropped packets over total packets in file.

Table C.2: Description of each column in the spec_files table of the he6cres_db.
nmr || Table column | Type | Description
nmr_id INT Unique identifier of nmr value.
created_at TIME | Date and time of row creation.
field REAL | Field value (always positive).
locked BOOL | True if nmr probe is locked.

Table C.3: Description of each column in the nmr table of the he6cres_db.
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monitor | Table column | Type | Description
monitor_id | INT Unique identifier of monitor value.
created_ at TIME | Date and time of row creation.
rate REAL | Number of acquisitions (spec files) in data run.

Table C.4: Description of each column in the monitor table of the he6cres_db.
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Appendix D

PARTICLE-LEVEL MONTE CARLO SIMULATION
DOCUMENTATION

D.1 Purpose

This Appendix serves to document the analytic formulas used to obtain CRES event prop-
erties in the python-based He6-CRES Monte Carlo simulation package (he6-cres-spec-sims))
as well as to compare the properties of trapped CRES electrons generated by Kassiopeia and
he6-cres-spec-sims. The python simulations have many advantages over Kassiopeia (speed,
easier to interpret, easier to alter) but the python simulations analytically calculate CRES
event properties, relying on the validity of certain assumptions like the adiabatic approx-
imation (Wegiat << Weyclotron). We would like to verify that there is agreement between
the python simulations and Kassiopeia to the level necessary for our first determinations of

[-energy spectra.

D.2 Overview

Section presents a comparison between the three coil trap field obtained in Kassiopeia
and the python simulations. Section presents analytical formulas for all important CRES
electron properties (such as cyclotron frequency, axial frequency, etc.) that are used in the
python simulations. Section compares the results from the analytical formula’s derived
in Section (using the trap field profile presented in Section to CRES properties
extracted from Kassiopeia particle tracks. Section summarizes the situation with respect
to the viability of using these analytical expressions to build a sufficiently detailed particle-

level Monte Carlo for the He6-CRES experiment.


https://github.com/drewbyron/he6-cres-spec-sims
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D.3 Trap Field

D.3.1 Comparison between Kassiopeia and Python

Here we present a comparison between Kassiopeia and python simulations of the trap field
magnitudes within the CRES decay cell. The python simulations use Biot-Savart and assume
each of the three trap coils is made of 20 concentric sheets of current filling the volume taken
up by the physical coil. A fine grid of points are calculated (a rectangular grid with a
0.1lmm side-length, taking advantage of rotational symmetry) and then an interpolation is
conducted using the Interp2d method from the python library SciPy. Kassiopeia uses a
harmonic expansion method which takes advantage of axial symmetry to calculate the fields.
Kassiopeia doesn’t use interpolation but instead uses the field expansion to calculate the
field at each specific point.

Below are absolute and relative comparisons between the field values calculated by Kas-
siopeia and Python. The comparison was done for a trap current of 0.87 A with a 1 T main
field.

We find that the relative difference is within 1075 for all locations within the decay
cell. Given that we are using relative trap depths on the order of 1072 at the smallest,
this is sufficient agreement. Keep in mind that the trap field scales linearly with current
and the background field is taken to be constant in both simulations, so it is the relative

difference between the simulations that is meaningful. Figures [D.1], [D.2] and [D.3] show the

comparison between the Python-based field simulations and Kassiopeia simulations for a 1.0

T background field and a 0.87 A current in the trapping coil (4 * 107 relative trap depth).

D.3.2  Trap field p dependence

In Figure |D.2] one notices that, for a given z position, the field’s dependence on p can be
roughly modeled as a constant plus a quadratic term. This makes intuitive sense given the
rotational symmetry of our geometry.

One interesting observation is that at z = 7 mm there is an inflection point in the p
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Figure D.1: Field values vs z position (at p = 0 mm) for Python-based field simulations and
Kassiopeia simulations for a 1.0 T background field and a 0.87 A current in the trapping coil

(4 x 10~ relative trap depth).

dependence of the field (see Figure , and . It is this inflection that allows for grad
B motion of both clockwise and counter-clockwise rotation about the center axis. It is the
time averaged p gradient over one axial oscillation that determines the direction of the grad
B drift.

However, for all of the electrons we observe, the maximum z position rarely exceeds 5 mm
due to the Doppler effect. The modulation index is directly proportional to the maximum
z position; thus, at a certain z position the CRES power is distributed across so many
sidebands that we are no longer able to observe it above our noise floor. This means that in

practice we only detect electrons with one handedness of grad B motion.

In Section we will utilize the fact that the p dependence of the field can be modeled
by Equation [D.1]

B(r,z) = B(2)(1 4+ A(2)r?) (D.1)

When we use Equation and fit the p dependence of the field (at a give z position)
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Figure D.2: Field values vs p position (at z = 0, 2, 4 mm) for Python-based field simulations
and Kassiopeia simulations for a 1.0 T background field and a 0.87 A current in the trapping
coil (4 x 107* relative trap depth).

we end up with an R? ~ .9994 and residuals all within 107°7". We find A ~ —107 m? for

relevant z positions (less than 5 mm).

D.4 Analytic calculations of CRES dynamics

D.4.1 Dynamics assuming no p dependence in B

Let us first derive the dynamics of an electron in a symmetric, single well trap where one
assumes the magnetic field is purely in the z direction and that the magnitude of the field is

only dependent on z (B = B(z) 2). We begin with the basics of cyclotron motion [30, 5.

1 € By, K E

fc_

21 ym
Where B,,, is the average instantaneous field experienced by the CRES electron. We

can now take advantage of the fact that p? /B is an adiabatic constant of the motion for

faxial << fcyclotron (Eq 12.69 “@D
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Figure D.3: Relative difference in field values vs p position (at z = 0, 2, 4 mm) for Python-
based field simulations and Kassiopeia simulations for a 1.0 T background field and a 0.87

A current in the trapping coil (4 * 10~ relative trap depth).

2 2 ) )
mov mu sin” 6 sin” ¢
% _J B L_7 B = constant  — | —5— = constant (D.3)

Now we would like to use the above condition to derive the axial frequency of the electron
(faziar) and average magnetic field experienced by the electron (Bg,,). We begin by deriving
the period of the axial motion. Here we take advantage of the symmetric nature of the trap,

implying that the period is 4 times the time it takes the electron to travel from z = 0 to

Z = Zmazx-

Zmazx Zmax 1 4 Zmax 1
T:4/ ﬂdz:/ —dz:—/ dz (D.4)
0 dz 0 v, v /o cos(0)

Now we notice that the above constant of the motion (Equation |D.16]), can be used to

make progress on the above integral.
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in? 0 in? 0 1
Sin"0 _ st OB (2) _

cos(6) — {1 - %} ’

T— é/OZW {1 _ BLZ))} T (D.6)

v (Zmaz

One can then use the relation f . = % We can evaluate B,,, in a similar manner:

4 T/4 4 Zmazx 1 D 7
By == | B@)dt = = B(z)— |
w7 [ BO@ =5 [ B (0.7
B _i/zmw3<z) 1_ﬂ b dz (D.8)
“I T J, B(zmaz) '

D.4.2 Dynamics assuming quadratic p dependence on B

As was illustrated above (Section |[D.3.2)) our field’s dependence on 7 is well approximated by

B(r,z) = B(2)(1+ A(2)r?). (D.9)

For sufficiently small cyclotron radii the effect of this radial dependence is negligible.
However, for our field and energy ranges of interest we observe cyclotron radii around 2 — 3
mm. This means that for many CRES electrons with large pitch angles (close to 90°) z,4.
is comparable to r.. For our trap geometry, this means that the field variation experienced
by the electron in one cyclotron orbit (within the xy — plane) can be on the same order of
magnitude as the field variation experienced in z over one axial period. Thus for our trap
configuration it is not fair to assume, as was done above in Section [D.4.1], that the field

experienced by the electron can be well approximated by the field at the guiding center.
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The fundamental relationship between frequency and the average field (Bg.,) seen in
Equation still holds but now we need to be more careful about how to interpret the B in
the denominator of our relevant adiabatic invariant (p? /B) when we calculate the average
field experienced by the electron (B,,,). This B needs to be the average field over the cross-
section of the cyclotron orbit, not the B at the center of the cyclotron orbit. This is because
the adiabatic invariant we invoke is derived from the conserved flux through a cyclotron orbit
(see Equation 12.67 in [62]; note that the relevant steps from one adiabatic invariant to the

other can be found in Equation 12.71). So the relevant B can be derived from:

Q)B:/B(r,z)dA. (D.10)

Here r denotes the distance from the center of the waveguide to a point of interest, let p
denote the distance from the center of the waveguide to the guiding center of the cyclotron
orbit, and let " denote the distance from the guiding center of the cyclotron orbit to a point
of interest. Let ¢ be the angle between the x-axis and r’. See Fig. for a visualization of

the coordinate system. We then have the following relationship:

= (p+1'cosg)? + (r'sing)? (D.11)

Using the above we can make progress on our integral (Equation |D.10)).
Op = / / )1+ A((p + 1'cosg)? + (r'sing)?)r'dddr’ (D.12)

dp =mr’B(z) + B(2)A ((p +1'cosg)? + (r'sing)*)r'dfdr’

=mr’B(z) + B(2)A

/o
27 Te
=mriB(z) + B(z)A/ / p°r’ + 2% cosd + 1" cos? (¢) + r®sin(¢) dfdr’ (D.13)
o Jo
/ / p’r’ + 1" dfdr’

o Jo
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We obtain the third equality of Equation by noting that cos?(¢) + sin*(¢) = 1 and

that cos(¢) evaluates to 0 when integrated over a period.

2

Oy = 12 B(2)(1+ A(p* + %)) (D.14)
T2 .5
dp=m2B(p,2) w/ p = (p2 + é) (D.15)

What we find is that the B relevant to the constant of the motion (p% /B) corresponds
to a field value slightly displaces from the guiding center. Intuitively, this means that for
positive A in Equation the value of ®p/mr? is slightly larger than the field at the guiding

center. Therefore, we find that the constant of the motion is given by:

sin® 6
B(p', z)
We can use the above to find the axial frequency fuia = 1/T as we did in Equation .

= constant (D.16)

4 Zmazx B / -5
T:—/ - BWE) 1, (D.17)
v Jo B(p/’ Zma:r)

Now we would like to find the average magnetic field experienced by the electron. The
instantaneous magnetic field is also effected by the radial dependence of the field. We find
that the average field experienced by a CRES electron in a single cyclotron orbit whose

guiding center is at p, which we denote Byeorbit(p, 2), is given by:

1 2w
Bone orbit<p7 Z) / B(T, Z) do
0

“or

-2 / "+ A((p+ 1 cos6)? + (1 sing)?)do

(D.18)

Boneorbit(pa Z) = B(P”, Z) 'LU/ p// = (,02 + Tg)ﬁ (Dlg)
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Putting it all together we see that B,,, (from which we can find f.,q) is given by:

4 /0 " B2 [1——BB(p/’Z) }_'5 dz (D.20)

w9 ﬂ (p,7 Zmax)

As a final note, for our desired levels of uncertainty, it is fine to assume:

psing  ymuv sinf
eB(p,z)  eB(p,2)

re =

(D.21)

It is also worth noting that the definition of p’ and p” include a r., and r. changes as a
function of z. However, the difference between 7.4, and 7¢m, is less than a part in one
thousand and so we just use r.,,q, in the definitions of p’ and p” with no observable loss
of precision. We have now constructed a set of expressions that can be used to precisely
define the dynamics of a CRES electron without explicitly simulating particle trajectories.

For completion, we list all of these expressions explicitly:

re = % (Cyclotron Radius)

in” g 1
Sm, = / (Maximum z position)
B(¢',z)  B(p, Zmaz)

v (:0/7 Zmax

-1
4 Zmazx B / —.5
Jawial = <— / [1 - B(p—,z))] dz) (Axial Frequency)
0

4 azxia Fmaz B /7 -
Bag = % /0 B()", z) [1 — B(p(’,p—z,jjm)} dz (Average Magnetic Field)
1 e By, K E
f. = _— CPavg , y=14—=— (Average Cyclotron Frequency)
2m ym mc  mc?
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D.5 Comparison to Kassiopeia

Kassiopeia relies on tracking particle trajectories and is therefore very slow within the context

of needing to ultimately simulate more than 10! CRES electrons. We would prefer to use

the analytical expressions derived in Sections [D.4.1land [D.4.2] which are considerably faster

and easier to interact with, to build our Monte Carlo simulation. We conclude that the
analytical expressions are sufficiently accurate for our current desired level of precision. Below
we present a comparison between the high level CRES electron properties (axial frequency,
maximum z position, time averaged magnetic field experienced, cyclotron frequency, and
cyclotron radius) found with Kassiopeia and with the analytical expressions presented in

Sections [D.4.1] and |[D.4.2 'We conducted the comparison at 3 main fields (1 T, 3 T, 5 T),

two cyclotron frequencies (18 GHz, 19 GHz), and two pitch angles (88°, 89.5°), all at a fixed
relative trap depth of 4% 1073. Accounting for the p dependence in the magnetic field (using
the expression from Section resulted in improved agreement for all CRES electron
properties. The level of improvement observed depends somewhat on the CRES property,

but were on the order of a factor of 50 reduction in relative difference in comparison to

Kassiopeia (see Figures [D.7, and below).

We find that the cyclotron frequencies, the most important property for the extraction
of the electron energy, agree to within 2.5 ppm between the improved analytical expressions
(Section and Kassiopeia for all simulation parameters tested. A 2.5 ppm error in
frequency at 18 GHz corresponds to a 10 eV error in energy at 5 T and even less at smaller
fields. All other CRES electron properties agree to within 4 parts per thousand. This is

more than sufficient agreement for our current desired level of precision.

Figures[D.6, [D.7], and [D.§|show the relative difference between the CRES properties found
with Kassiopeia and the analytical calculations (Equation |D.22)), for three specific sets of

simulation parameters, presented in parts per million. Note that in the comparison tables
below, “original python simulations” refers to the use of expressions from Section [D.4.1] and

“improved python simulations” refers to the use of expressions from Section [D.4.2]
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pTOpeTty Kassiopeia — p7’0p€7’ty python

Relative Dif ference =
Property python

(D.22)

D.6 Conclusion

We conclude that we can confidently use these analytical expressions for CRES properties
derived in Section to build a fast and easy to alter Monte Carlo for simulating the He6-
CRES experiment. Correctly accounting for the power lost to radiation, frequency jumps
due to scattering with residual gas, and other such effects unique to CRES would be very

difficult to model in Kassiopeia, further motivating the need for a more adaptable simulation.
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Figure D.4: Field values vs p position (at z = 1, 4, 7, 10, 13 mm) for Python-based field
simulations for a 1.0 T background field and a 0.87 A current in the trapping coil (4 * 10~*
relative trap depth). One can see that the p dependence is negligible at z = 7 mm.
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Figure D.5: Coordinate system used for integrals (Equation

D.10

. Equation
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. The red

circle indicates the cyclotron orbit of a CRES electron. The magnetic field, B(r, z), is defined

relative to the central axis of the trapping field.
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Simulation Params:
Main Field (T) Trap Current (A) Frequency (GHz) Pitch Angle (deg)
0 1 0.5 18.0 88.0
Difference between Kasseoppia and original python simulations (ppm):

axial _freq z_max cycl freq B _average cycl radius min

rho
Omm 16143.65 15682.97 16.17 16.21 19.80
1mm 15553.10 15504.65 15.92 15.96 19.72
2mm  15529.29 1599475 17.83 17.87 20.43
3mm 1597559 16909.21 17.98 18.04 21.75

Difference between Kasseoppia and improved python simulations (ppm):

axial freq z_max cycl freq B_average cycl_radius_min

rho
0 mm 347.20 326.11 0.46 0.42 0.39
1 mm 780.63 285.94 0.36 0.321 0.22
2 mm 1183.72 3711 0.71 0.75 0.13
3 mm 1367.03 485.58 0.10 0.04 0.83

Figure D.6: Comparison between Kassiopeia and analytical expressions (original = Sec-
tion expressions, improved = Section expressions) for all important CRES elec-
tron properties in ppm. Simulation Parameters: Main Field: 1 T, Trap Current: .5 A,

Cyclotron Frequency: 18 GHz, Pitch Angle: 88°.
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Simulation Params:
Main Field (T) Trap Current (A) Frequency (GHz) Piich Angle (deg)
] 3 1.5 18.0 89.5
Difference between Kasseoppia and original python simulations (ppm):

axial_freq z_max cycl _freq B_average cycl_radius_min

rho
Omm 21903.91 22132.18 47.87 47.89 3.09
1mm 2118504 21919.23 48.22 48.23 291
2mm  24020.11 22002.68 50.24 50.26 291
3mm 24533.93 21923.27 53.22 53.24 2.88

Difference between Kasseoppia and improved python simulations (ppm):

axial freq z_max cycl_freq B_average cycl radius _min

rho
0 mm 146.84 215.03 0.32 0.20 0.13
1 mm 614.00 150.63 0.08 0.07 0.27
2 mm 2543.72 213.46 1.03 1.04 0.23
3 mm 3559.46 666.35 2.37 2.39 0.19

Figure D.7: Comparison between Kassiopeia and analytical expressions (original = Sec-
tion expressions, improved = Section [D.4.2] expressions) for all important CRES elec-
tron properties in ppm. Simulation Parameters: Main Field: 3 T, Trap Current: 1.5 A,

Cyclotron Frequency: 18 GHz, Pitch Angle: 89.5°.



Simulation Params:

Main Field (T) Trap Current (A) Frequency (GHz) Pitch Angle (deg)

0 5 2.5 19.0 88.0

260

Difference between Kasseoppia and original python simulations (ppm):

axial_freq z_max cycl_freq B_average cycl_radius_min

rho
0mm 2432458 23B07.81 24.81 24.83 29.94
1mm 25048.47 23678.76 24.88 24.90 29.96
2mm  26673.19 2448252 25.82 25.84 31.09
3mm  26655.22 25920.55 27.63 27.67 33.14

Difference between Kasseoppia and improved python simulations (ppm):

axial freq z max cycl freq B_average cycl radius_min

rho
0 mm 333.64 287.15 0.07 0.05 0.33
1 mm 534.56 208.38 0.19 0.17 0.08
2 mm 1616.02  216.76 0.07 0.05 0.49
3 mm 628.51 1051.10 0.23 0.27 1.60

Figure D.8: Kassiopeia vs analytical expressions (original = Section

D.4.1

expressions, im-

proved = Section m expressions) for all important CRES electron properties in ppm.

Simulation Parameters: Main Field: 5 T, Trap Current: 2.5 A, Cyclotron Frequency: 19

GHz, Pitch Angle: 88°.
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Appendix E
DEEP LEARNING SOURCE CODE

Below are select portions of the source code used to conduct the studies presented in
Chapter [7] Section contains the UNET Model implementation, written using the Py-
Torch library [84]. Section contains the UNET LightningModule written using the
PyTorch Lightning library. Pytorch Lightning allows for the easy organization of a deep
learning experiment and decreases boiler plate code. To see a specific demonstration of how
the LightningModule is trained look in the demo directory in the associated github repo:
https://github.com/Helium6CRES/he6-cres-deep-learning.

E.1 UNET model implementation

# Author: Drew Byron
# Date: 1/17/23

# Deep learning imports.
import torch

from torch import nn

import torch.nn.functional as F

from torch. utils .data import DataLoader, random_split, TensorDataset

import torchvision

from torchvision. utils import draw_bounding_boxes, draw_segmentation_masks, make_grid
from torchvision.ops import masks_to_boxes

import torchvision.transforms.functional as TF

from torchvision.models.detection. faster_rcnn import FastRCNNPredictor

from torchvision.models.detection.mask_rcnn import MaskRCNNPredictor

import pytorch_lightning as pl
from pytorch_lightning. callbacks import ModelCheckpoint
from pytorch_lightning.loggers import TensorBoardLogger

import torchmetrics
# Standard imports.

from typing import List, Union

import gc


https://github.com/Helium6CRES/he6-cres-deep-learning

import matplotlib.pyplot as plt

import numpy as np

import

zipfile

from pathlib import Path

class UNET (nn.Module):

77” A PyTorch implimentation of a UNET image segmentation model based

on this work: https://arxiv.org/abs/1505.04597. Specifics based loosely

on Aladdin Persson’s Implimentation:

https://github.com/aladdinpersson/

Machine—Learning—Collection/blob/master/ML/Pytorch/image_segmentation/

semantic_segmentation_unet/model.py

Args:

ERIES

def

in_channels (int): number of input channels. For example for an
put of shape (batch_size, 3, img_size, img_size) in_channels
is 3.

num_classes (int): number of output classes desired. The output
shape of the model will be (batch_size, num_classes, img_size,
img_size). For example output[0][i] is a binary segmentation
mask for class i. Note that class 0 is reserved for background.

first_feature_num (int): An int specifying the number of features to
be used in the first DoubleConv layer.

num_layers (int): Number of layers to use in the UNET architecture.
The ith layer contains first_feature_num * 2xx*i features. Note
that if img.size // 2x*num_layers < 1 then the model will break.

kernel_size (int): A kernel of shape (kernel_size, kernel_size)
will be applied to the imgs during both Conv2d layers of
DoubleConv.

bias (bool): whether or not to add a bias to the DoubleConv Conv2d
layers .

track_x_shape (bool): whether or not to track the shape of x.

_init__ (

self ,

in_channels=3,
num-_classes=4,
first_feature_num =8,
num-layers=3,
skip_connect=True,
kernel_size =3,
bias=True,

track_x_shape=False,

super(). —-init__ ()

self .in_channels = in_channels

self .num_classes = num_classes

self . features = [first_feature_num = 2%xi for i in range(num_layers)]
self .skip_connect = skip_connect

self . kernel_size = kernel_size

self .bias = bias

self .track_x_shape = track_x_shape

self .ups = nn.ModuleList()
self .downs = nn.ModuleList()

262
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self .pool = nn.MaxPool2d(kernel_size=2, stride=2)

self .bottleneck = DoubleConv(self.features[—1], self.features[—1] * 2)

self . final_conv = nn.Conv2d(self.features [0], self .num_classes, kernel_size =1)

if self .track_x_shape:

self .x_shape_tracker = []

# Down part of UNET.
for feature in self.features:
self .downs.append(
DoubleConv (

in_channels, feature, kernel_size =self. kernel_size , bias=self.bias

)

in_channels = feature

# Up part of UNET.
for feature in reversed( self .features):
self .ups.append(
nn.ConvTranspose2d(
feature = 2,
feature,
kernel_size =2,

stride =2,

)
if self .skip-connect:
self .ups.append(
DoubleConv/(
feature * 2,
feature,
kernel_size =self. kernel_size ,

bias=self.bias,

)

else:
self .ups.append(
DoubleConv (

feature, feature, kernel_size =self. kernel_size , bias=self.bias

def track_shape(self, x, description):
if self .track_x_shape:
self .x_shape_tracker.append((f” {description}:\n\t {x.shape}”))

return None

def forward(self, x):

skip_connections = ]
self .track_shape(x, ”input shape”)

for idx, down in enumerate(self.downs):

x = down(x)
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self .track_shape(x, f”’double_conv (down) {idx}”)

skip_connections.append(x)

x = self.pool(x)
self .track_shape(x, f’max_pool {idx}”)

x = self.bottleneck(x)
self .track_shape(x, "bottleneck”)

# Reverse the list of skip connections.

skip_connections = skip_connections[::—1]

for idx in range(0, len( self .ups), 2):
x = self.ups[idx](x)
self .track_shape(x, f’conv_trans {idx//2}”)
skip_connection = skip_connections[idx // 2]

if x.shape != skip_connection.shape:

x = TF.resize(x, size=skip_connection.shape[2:])
if self .skip_connect:
x = torch.cat((skip_connection, x), dim=1)
self .track_shape(x, f’skip connection {idx//2}")
x = self.ups[idx + 1](x)
self .track_shape(x, f”double_conv (up) {idx//2}”)
x = self. final_conv (x)

self .track_shape(x, ”output shape”)

return x

E.2 UNET lightning module

# Author: Drew Byron
# Date: 1/17/23

# Deep learning imports.
import torch

from torch import nn

import torch.nn.functional as F

from torch. utils .data import DataLoader, random_split, TensorDataset

import torchvision

from torchvision. utils import draw_bounding_boxes, draw_segmentation_masks, make_grid

from torchvision.ops import masks_to_boxes
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import torchvision.transforms.functional as TF
from torchvision.models.detection. faster_-rcnn import FastRCNNPredictor

from torchvision.models.detection.mask_rcnn import MaskRCNNPredictor

import pytorch_lightning as pl
from pytorch_lightning. callbacks import ModelCheckpoint
from pytorch_lightning.loggers import TensorBoardLogger

import torchmetrics

# Standard imports.

from typing import List, Union
import gc

import matplotlib.pyplot as plt
import numpy as np

import zipfile

from pathlib import Path

class LightningImageSegmentation(pl.LightningModule):
def __init__ (

self ,
in_channels=3,
num-_classes=4,
first_feature_num =4,
num-_layers=2,
skip_connect=True,
kernel_size =3,
bias=False,
weight_loss=None,

learning_rate=1e—3,
super(). —-init_- ()

# LM attributes.

self .in_channels = in_channels

self .num_classes = num_classes

self . first_feature_.num = first_feature_num

self .num_layers = num_layers

self .skip_connect = skip-connect
self . kernel_size = kernel_size
self .bias = bias

self . learning_rate = learning_rate
if weight_loss == None:

self . weight_loss = torch.ones(self .num_classes)
else:

self . weight_loss = weight_loss

# Log hyperparameters.

self .save_hyperparameters()

# Metrics.
self . train_acc = torchmetrics.Accuracy(

full_state_update ="false”, mdmc_average="samplewise”
)

self . train_fl = torchmetrics.F1Score(
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full_state_update =" false”,
mdmc_average="global”,
average="macro”,

num-_classes=self.num_classes,

)
self . train_iou = torchmetrics.JaccardIndex(

full_state_update ="false”, num_classes=self.num_classes, average="macro”
)

self . val_acc = torchmetrics.Accuracy(

full_state_update ="false”, mdmc_average="samplewise”

)
self . val_f1 = torchmetrics.F1Score(
full_state_update =" false”,
mdmc_average="global”,
average="macro”,
num-_classes=self.num_classes,
)
self . val_iou = torchmetrics.JaccardIndex(
full_state_update ="false”, num_classes=self.num_classes, average="macro”
)

# Loss function.

self . loss = nn.CrossEntropyLoss(weight=self.weight_loss)

# Define Model.

self .model = UNET(
in_channels=self.in_channels,
num-_classes=self.num_classes,
first_feature_num =self. first_feature_num ,
skip_connect=self.skip_connect,
kernel_size =self. kernel_size ,

bias=self.bias,

# Sample input. Used for logging the model graph.

self .example_input_array = torch.rand(4, 1, 256, 256)

forward(self, imgs):

imgs_normed = imgs.float() / 255.0

return self .model(imgs_normed)

cross_entropy_loss (self , logits, labels):

return self . loss (logits , labels)
training_step ( self , train_batch, batch_idx):
# Grab images and labels from batch.
images, labels = train_batch

logits = self.forward(images)

# Calculate loss.

loss = self. cross_entropy_loss ( logits , labels)

# Log step metrics.
self . train_acc (logits , labels)

self . train_f1 (logits , labels)
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def

self . train_iou (logits , labels)

self .log(” train/loss”, loss)
self .log(” train/acc”, self . train_acc, on_step=True)
self .log(” train/f1”, self . train_fl1, on_step=True)

self .log(” train/iou”, self .train_iou, on_step=True)

return loss

validation_step ( self , val_batch, batch_idx):

# Grab images and labels from batch.
images, labels = val_batch

logits = self.forward(images)

# Calculate loss.

loss = self. cross_entropy-_loss (logits , labels)

# log step metrics.
self . val_acc (logits , labels)
self . val_f1 (logits , labels)

self . val_iou (logits , labels)

self .log(”val/loss”, loss)
self .log(”val/acc”, self .val_acc, on_step=True)
self .log(”val/f1”, self . val_fl, on_step=True)

self .log(”val/iou”, self .val_iou, on_step=True)

configure_optimizers ( self ) :
optimizer = torch.optim.Adam(self.parameters(), lr=self.learning_rate)

return optimizer
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