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Abstract

The Project 8 collaboration aims to determine the absolute neutrino mass with a sensitivity
of 40 meV by measuring the tritium decay spectrum. Project 8 will use atomic tritium
confined in a magnetic trap to perform cyclotron radiation emission spectroscopy (CRES)
on decay electrons produced directly in the trap and performing cyclotron motion in the
same magnetic field.

Reaching the desired sensitivity will require the observation of a large number of
tritium decays, since a tiny fraction (=10713) of all decays produce an electron sufficiently
close to the endpoint to be informative for the neutrino mass. Additionally, since molecular
tritium sensitivity receives a large statistical penalty to energy resolution caused by the
molecular final state distribution, atomic tritium must be used for the desired sensitivity.

Project 8 must develop an atomic tritium beamline capable of injecting > 10'*atoms /s
into the CRES detection volume. Due to losses in cooling, injection, and trapping, we
anticipate that this will require an atomic tritium source that initially produces an atom
flux of > 10'®¥atoms/s. The development of such a source is currently underway, and
a candidate, the Hydrogen Atomic Beam Source (HABS), is used for measurements
presented in this thesis.

This thesis focuses on the development of a calorimetric wire detector capable of
measuring the intensity and distribution of atomic hydrogen beams as required by Project
8. The detector uses a wire with a micrometer-scale diameter intersecting the beam on
which a small fraction of the beam’s hydrogen atoms recombine into molecules. The
energy released heats the wire and produces a measurable change in its resistance.

We present measurements performed with such a detector to determine the distribution
of hydrogen atoms across a beam produced by the test source, and present limits on
the total flux of atoms that are produced by this source. We also present a theoretical
description of the wire detector, including a simulation.

The results directly contributed to a better understanding of the HABS showing the
utility of the calorimetric wire detector in further development of the atomic tritium
beamline.
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1 Introduction

The work presented in this thesis is carried out in the context of development of an atomic
tritium source for the Project 8 experiment [1], which aims to employ atomic tritium in
combination with the novel technology of Cyclotron Radiation Emission Spectroscopy
to achieve a neutrino mass sensitivity of mg < 40 meV/c?. As an intermediate goal
an atomic hydrogen source capable of producing on the order of 10'? atoms/s is being
developed.

As part of this effort, detectors capable of monitoring the resulting intensity and
distribution of an atomic hydrogen beam will be required. Traditionally, this could
be achieved using a high resolution quadrupole mass spectrometer (QMS). However,
situations are anticipated in which a QMS will not be ideal, in particular high magnetic
fields and tight space constraints. To complement measurements with a QMS in such
cases, a calorimetric wire detector, which measures the heat of atoms recombining into
molecules, is being developed.

The concept of using such detectors for atomic hydrogen beams has previously been
explored in literature [2—4] as well as in student thesis work performed by AG Pohl at
JGU Mainz [5-7]. We use these as a starting point for work presented in this thesis.
The primary component of the detector is a thin wire strung across the beam, such that
it intercepts a small slice of the beam. A sizable fraction [8] of the atoms that hit the
wire stick to its surface. On it, they can recombine into molecules, releasing 4.46 eV per
molecule [9]. This causes a slight heating of the wire, which can be detected by measuring
the corresponding increase in resistance.

An advantage of the wire calorimeter method is that, by using very thin wires, the
detection of the beam can be accomplished without meaningfully disturbing the beam.
This is useful for monitoring a beam that may be used for its primary purpose downstream
of the detector. The wire detector can also be used in lower quality vacuum conditions
than are required for mass spectrometry. This is desirable when scaling to more intense
hydrogen beams without a commensurate scaling of pumping on the vacuum system,
which cannot always be achieved. The Project 8 experiment will eventually employ strong
magnetic fields [1], which will cause large issues for the sensitivity of a QMS [10] due to
the free electrons and ions involved in its operation. It is expected that the wire detector
should operate largely unaffected by magnetic fields, though this has not yet been shown
experimentally. Finally, wire detectors can be built to be quite thin, such that they may
be employed in confined spaces, where fitting a QMS might be challenging.

In this thesis we will show, that we have successfully used the wire detector to
measure the relative intensity profile of an atomic hydrogen beam containing of order
10'¢ atoms/(cm?s), using a number of data-driven corrections to extract a small heating
signal in a complex thermal environment. We have compared the measured profile with
theoretical models of the source and found them to be in agreement.

We begin with an overview of the field of neutrino mass measurements in Section
2, which we follow up with a description of Project 8 and how it fits into this field in
Section 3. In Section 4 we introduce the setup we use for all atomic hydrogen work in
Mainz, including for measurements presented in this thesis. Section 5 provides a detailed
overview of how the calorimetric wire detector works, including introducing a simulation
thereof and how the insights we gain from this simulation guide the detector design we
finally produce. Section 6 is a version history of the design iterations we went through
during work on this thesis. In Section 7 we then present measurements performed with
these detectors without the use of a hydrogen beam in order to understand its reaction
to known heat sources. In Section 8 we follow this up with measurements characterizing



various hydrogen beams. Finally, in Section 9 we present suggestions for improvements
that might be made to further improve the detector design and we conclude in Section
10.



2 Neutrino Mass Measurements

This work presented in this thesis was performed in the context of Project 8, an experiment
to measure the neutrino mass. For the purpose of context, this section will give a brief
introduction to the history, status and the scientific goals of the field of neutrino mass
measurements. For a more comprehensive review, we recommend Formaggio et al. [11]
and the ‘Neutrino Masses, Mixing, and Oscillations’ chapter of the Particle Data Book [12]
on which the following summary is based.

Any discussion of the neutrino mass must start with the initial proposition of the
existence of neutrino! by Pauli [13] in 1930. He suggested a neutral particle that is
emitted along with the electron during beta decay of unstable nuclei. This is done as an
attempt to explain why the electron is emitted with a continuous spectrum of kinetic
energies, rather than being monoenergetic as would be required by energy and momentum
conservation in a two-body decay involving only nucleus and electron. In the sentence
immediately following the first mention of the neutrino, a first neutrino mass limit is also
given as “in any case not larger than 0.01 times the proton mass”.

In almost a century since then, this upper limit of < 10 MeV has been pushed down
by more than 7 orders of magnitude.

In the following subsections, we will briefly cover 5 different experimental ways to
gather information on neutrino mass: neutrino oscillations, neutrinoless double beta decay,
cosmological measurements, astrophysical neutrino time of flight, and finally ”direct”
mass measurements using beta decay electrons. We will see that the experiments which
are indirectly informative on the neutrino mass would generally benefit greatly from
having a direct neutrino mass measurement as a fixed input, rather than a fit parameter
of the model.

2.1 Neutrino oscillations

Neutrino oscillations are a process by which neutrinos, which are generally produced in
processes where their lepton flavor state - v, v, v, - is well defined, can change their
flavor state during their propagation. Most critically for the question of the neutrino
mass, this process requires that neutrinos must have a non-zero mass.

The 3 neutrino paradigm, the current best explanation to experimental results thus
far, explains neutrino phenomenology as the result of the 3 flavor states, which are each
a superposition of 3 mass eigenstates v, 19, v3 with respective masses m1, mo, ms. The
relationship between mass and flavor states can be described by:

Vg = ZU(M'V,L', (21)

where ¢ = 1,2,3, a = e, 4, 7 and Uy; elements of the 3 x 3 unitary leptonic mixing matrix,
also referred to as the neutrino mixing matrix or the Pontecorvo-Maki-Nakagawa—Sakata
(PMNS) matrix.

Neutrinos interact via the weak force according to their flavor state, and thus are
produced and measured with defined flavor states. However, they propagate according
to their mass states. Since the mass states have differing masses, they propagate with
different speeds, leading to a changing mix of states depending on how far from a neutrino
source a measurement is performed.

This paradigm was originally developed to explain primarily two puzzling observations:
the solar and the atmospheric neutrino problems.

1Pauli refers to it as the "neutron”, as the nucleon now known under that name had not yet been
discovered.



The solar neutrino problem refers to a deficit of electron neutrinos observed in
detectors on Earth, compared to the expected production rate in the Sun. Electron
neutrinos are produced in the Sun during many of the nuclear fusion processes occurring
in its core. Using a standard solar model (SSM) a prediction can be made for the flux of
neutrinos expected from each of these processes [14]. The earliest measurements at the
Homestake experiment [15] starting in the 1960s measured solar neutrino flux at only
about 30% of the rate predicted. Similar measurements continued to be made, until the
puzzle was ultimately resolved by measurements at the SNO and Super-Kamiokande
experiments [16,17]. These can be consistently explained under the assumption that
neutrino oscillations shift the flavor population of solar neutrinos away from electron
neutrinos to neutrino flavors which cannot be detected by these experiments, thereby
leading to the undercount. Solar neutrino oscillations show that electron neutrinos are a
superposition of at least 2 neutrino mass states with squared mass differences of order
Am3; =m3 —m? ~ 107 4eV2.

The atmospheric neutrino problem refers to a similar deficit when measuring neutrinos
originally produced in the muon neutrino flavor state in Earth’s atmosphere. These
neutrinos are produced in the decay chains of cosmic rays hitting Earth’s atmosphere.
The ratio of muon neutrino to electron neutrino production can be predicted, and when
measured with detectors like Super-Kamiokande [18] it is found that after traveling
through the Earth to the detector there are fewer than expected detections of muon
neutrinos. Atmospheric neutrino oscillations show that muon neutrinos are also the
superposition of at least 2 neutrino mass states but with different squared mass differences
of order Am%; = m3 — m$ ~ 107 3eV2.

Together with oscillation measurements of neutrinos produced in nuclear reactions
and particle accelerators, these observations can be modeled with combined fits to result
in a model of 3 mass eigenstates. According to the Nufit collaboration, the mass squared
differences are [19]:

Am3, = 7.42702 x 1077 eV? (2.2)
Am3, = 251715020 % 1073 V2 (NMO)

or
Am3, = —2.498T0028 » 1073 eV?  (IMO) (2.4)

As only squared mass differences can be measured with neutrino oscillations, we are
left with an ambiguity of the ordering of the mass states. m1; < mg < mg is known
as the normal mass-ordering (NMO) while m3 < m; < mgy is known as the inverted
mass-ordering (IMO). This is illustrated in Figure 2.1.

Observations of neutrino oscillations show that neutrinos have mass, that there are
at least three mass states, and determine the differences in mass between these states.
This is highly significant, since standard model of particle physics does not include a
mechanism by which neutrinos gain mass [12]. Any explanation for the non-zero neutrino
mass is necessarily new physics.

We are left with the question of the exact ordering of the mass states, as well as the
absolute mass scale i.e. the mass of the lightest mass state. These are questions that may
be accessible to other forms of experiments which are covered in the following sections.
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Figure 2.1: Cartoon of the two distinct neutrino mass hierarchies that fit nearly all of the current
neutrino data, for fixed values of all mixing angles and mass-squared differences. The color coding
(shading) indicates the fraction |U,;|? of each distinct flavor v,, a = e, u, 7 contained in each
mass eigenstate v;, i = 1,2,3. For example, |Uea|? is equal to the fraction of the (mz)? “bar” that
is painted red (shading labeled as “v.”). Source: [20]

2.2 Neutrinoless double beta decay

Neutrinoless double beta decay (v0503) is a hypothetical decay by which an atomic
nucleus decays into one with 2 fewer neutrons and 2 more protons under the emission of
2 electrons following the form (A,Z) — (A, Z + 2) + 2e~. This decay is illustrated in
Figure 2.2. The version of this decay that also includes the emission of 2 anti-electron
neutrinos is standard model physics and has been observed, however the neutrinoless
version requires the neutrino to be a Majorana particle. In this case the neutrino and
antineutrino are both described by the same field. This allows for this decay to happen,
and also introduces possible mechanisms for neutrino mass generation [12]. The potential
discovery of the 035 decay is therefore primarily an answer to the question of whether
neutrinos are Dirac or Majorana particles [21].

The rate at which the decay occurs also provides information about mgg, the effective
Majorana mass of v.. In a minimal extension to the Standard Model, only adding
Majorana neutrino mass terms for the 3 known mass states, the rate of the 055 decay
is proportional to m%ﬁ [21]. The relationship between mgg and the mass eigenstates is
given by

mﬁ/g =

Z m;Ue;

— 2 2 2 2 i 2 i -4
= ’m1C12C13 + m2$12C1361a21 + m3813el(0‘31 ) s (25)

where s;; = sinf);;, ¢;; = cosb;;, 0;; are the mixing angles of the PMNS matrix, J the
CP-violating phase, and ao1, 31 the two Majorana phases.
If the rate of such a decay can be measured, we can therefore gain information on
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Figure 2.2: The Feynman diagram for neutrino-less double beta decay. Adapted from Source: [22]

the masses of the neutrino mass states when combined with additional information
gathered from neutrino oscillations as described above. However, no v03 decay has been
measured to date. A non-discovery nevertheless sets an upper limit on the decay rate,
and therefore mgg under the assumption that the neutrino is Majorana. The current
best limits come from the measurement of the 3% Xe decay at KamLAND-Zen [23] with
mgg < 28 — 122 meV.

The Majorana phases in Eq. 2.5 are in practice not measurable in any experiments
that have been performed or conceived. The information on the neutrino mass from 033
decay can only ever be incomplete. Conversely, given a previous direct measurement
of the neutrino mass, the detection of the 0383 decay would not only determine the
Majorana nature of the neutrino, but also allow for measuring the Majorana phase.

2.3 Cosmology

The Standard Model of Cosmology predicts the production of large numbers of thermal
neutrinos during the expansion of the hot young universe following the Big Bang. These
have steadily cooled with the expansion and it is predicted, that the temperature of relic
neutrinos is of order T? ~ 2 x 10~* eV [11]. The energy density of neutrinos is expected
to have a significant impact on the expansion history of the universe. In particular,
due to neutrino oscillation measurements, we know that at least 2 of the 3 neutrino
mass states are larger than 7, and therefore they transitioned from ultra-relativistic to
non-relativistic at some point in the expansion history of the universe. This is important
since ultra-relativistic particle species contribute to the "radiation” density, while non-
relativistic ones contribute to the "matter” density of the universe. These densities have
differing effects on structure formation and expansion of the universe. Depending on
precisely when this transition occurred and therefore depending on the neutrino mass
this leaves imprints in the universe which can still be observed using cosmic microwave
background (CMB) surveys and large scale structure surveys.

In principle cosmic surveys should be sensitive to the individual neutrino masses as
every neutrino mass state should make the transition to non-relativistic at a different
time. However, in practice (if all neutrino mass states are lighter than a few eV) the
sensitivity of current and near future surveys is limited to measuring the sum of the
neutrino masses labeled here as



=) m. (2.6)

Using information from neutrino oscillations, this can be expressed using the known
mass-squared differences and the unknown lightest neutrino mass mjeqs::

Y = Myeast + \/Amgl + m%east + \/Am%l + m%east (NMO) (2.7)
or
Y= Myeast + \/_Am?’)Z + ml2east + \/_Amgl + m12east (IMO) (28)

The most recent publication of cosmological data using DESI+CMB data [24] reports
> < 0.072eV using their preferred model, but ranges upwards to up to X < 0.195eV
depending on the precise setup of the model used for fitting. From other neutrino mass
measurements we can place additional limits. In case of normal (inverted) mass ordering,
current oscillation data constrain ¥ > 0.0587eV (X > 0.0992¢eV), while the direct mass
measurement by the KATRIN [25] (see Section 2.5.2 constrains ¥ < 1.4 in either case.

There is clearly sensitivity to the neutrino mass available in cosmological data, however
extracting it is model dependent. A direct measurement of the neutrino mass would
benefit these cosmology fits, as it could be used as an input rather than an output of
these models. Reducing the number of free parameters would allow fitting parameters
that are only accessible through cosmology such as the dark-energy equation of state and
the Hubble parameter more accurately.

2.4 Time of flight

Neutrinos are produced by astrophysical sources such as supernova explosions. Since
they are produced in a very short burst, and travel a very long distance, it is possible
to gain information on the neutrino mass by measuring their arrival times. The travel
time delay compared to a massless particle for a massive neutrino of mass m with energy
E > m at a distance D from the detector is

m2 D m\2 (10MeV >
At(E,m) =D <2E2> = 25.7ms x <5Okpc> (W> <E> (2.9)

Even for observable supernovae, the time of origin ¢y would not be known with high
enough precision to extract a neutrino mass directly. However, since the timing delay
scales with neutrino energy would lead to a higher spread in neutrino arrival times than
would be expected for a massless neutrino.

To date, the only event from which a sufficient number of neutrinos has been detected
to perform this analysis was SN 1987 A, for which 25 neutrinos were detected. Analysis
of this data puts a limit on the neutrino mass at 5.7¢V (95% c.l.) [26]. This value carries
some level of model dependence, in this case on the model of the time distribution of
neutrino emission from a core collapse supernova. Prior knowledge of the neutrino mass
from other measurements would inversely allow for refining these models.

Given a future galactic supernova within D ~ 20 kpc, existing and near-future neutrino
detectors are expected to have neutrino mass sensitivities of m > 1eV for JUNO [27]
m > 0.5eV for Hyper-Kamiokande [28].




2.5 Direct laboratory measurements

If a particle with a well-known initial state decays in a process involving a neutrino,
the mass of the neutrino can be measured by very precisely measuring the energy and
momentum of the other decay products. The mass of the neutrino can then be extracted
using energy and momentum conservation. These kinematic measurements of the neutrino
mass are called direct neutrino mass measurements, as they are for the most part model
independent. In the following section we follow Formaggio et al. [11] to outline how such
a measurement works.

The primary candidate for such measurements is the S-decay (A,Z) — (A, Z +1) +
e~ + V.. Where the continuous nature of the S-decay spectrum suggested the existence
of the neutrino in the first place, the precise shape of the energy spectrum of the electron
around the endpoint contains information about the neutrino mass. The electron energy
spectrum for a neutrino with 3 component mass states can be written as the sum the
contributions of each state. The differential decay rate dI' per unit of electron energy dF
is given by

dl' G%|Vya|?
T =5 (G +3GH)F(Z,B)B(E + me)*(Eo — )
<3 |Ul? [(Eo - B)? — m?)'* (B - E - my) (2.10)

where GF is the Fermi coupling constant, V,4 is an element of the CKM matrix ,
E () denotes the electron’s kinetic energy (velocity), m. is the electron mass, Ey, the
‘endpoint energy,” corresponds to the maximum kinetic energy in the absence of neutrino
mass, m; are the neutrino mass states, F'(Z, ) is the Fermi function, taking into account
the Coulomb interaction of the outgoing electron in the final state, and O(Ey — E — m;)
is the step function that ensures energy conservation. The vector and axial-vector matrix
elements are Gy = 1 and G4 = —1.2646(35) for tritium, respectively [29].

By contracting all the global constants as well as an approximation for the F'(Z, 5)3(E+

me)? near E = Ey — m; this equation can be simplified to the approximation
ar- . 2 2 211/2
75 7~ 3ro(Fo — ) S Ul [(Bo — E)* = mi] '~ ©(Ey — E — my) (2.11)

7
where 7y is a detected event rate in the last eV of the spectrum in the absence of a
neutrino mass. It contains the information of the constants as well as the approximations
for 8, F + meand F(Z,[3). For a full treatment see Section 4 of Formaggio et al. [11].
Finally, we can introduce the effective neutrino mass-squared in this decay process as

3
mi = > |Uail*m? = m3 + [Ueo[2Am3, + [Ues[2Am3, (2.12)
=1

resulting in a final approximate differential decay rate of

;Lg ~ 3r0(Eo — E) [(Eo — E)? — m3] V2 0(Eo - E — my) (2.13)
The effect of a non-zero mg on the shape of the tritium beta decay spectrum can
be seen in Figure 2.3. If the spectrum near the endpoint energy can be measured with
sufficient precision, m% can be determined.
Since the matrix elements and mass squared differences are known from neutrino
oscillations to better than 4% precision [19], the individual m; can be calculated from

Eq.(2.12) if m% is known.
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Figure 2.3: Beta spectrum of the decay of atomic tritium near the endpoint, as given by Eq.
(2.13). In the figure, m, = mg. Source: [30]

It should be noted, that since 2 of the mass states are non-zero, mg is also non-zero
even if the lightest mass state mje.st Were massless or unmeasurable small. Given the
values from neutrino oscillations [19], the relation between myeast and mg is

MG = Mipey + [Uea|* Am3) + [Ues|*Am3, (2.14)
= Mgy + 7.74 x 1077 eV2, (NMO) (2.15)

or
MG = Migagt + |Uer|*(=Am3; — Amiy) + |Uea|*(—Am3,) (2.16)
= Mipast + 247 X 107% eV?, (IMO) (2.17)

In particular this means that for the inverted mass-ordering (IMO) mg 2 50 meV.
An experiment capable of measuring mg to better than this precision is guaranteed to
either measure the neutrino mass, or rule out the IMO. This is the reason for the choice
of target sensitivity of the Project 8 experiment (Section 3) just below this threshold.

2.5.1 Choice of isotope

As see in Figure 2.3, the relative effects of the neutrino mass on the differential decay
rate are only significant for the region around the endpoint that is not very much larger
than mg. Therefore one important criterion for the selection of which isotope to use for
measuring the beta decay spectrum is to maximize the rate of beta decay that produce
electrons within a small region of this endpoint, say 1 eV for demonstration. This means
we want to choose an isotope with a fairly short half life to produce the absolute event
rate, and also with a low @ 4 value, the mass difference between mother and daughter
nuclide before and after the decay. A low Q4 means less total available energy, and
therefore smaller spread of electron energies in the decay spectrum. This means a larger
fraction of the decays happen close to the endpoint energy.

Table 1 shows how much of a few candidate isotopes is required to produce 1 decay
event in the last eV of the spectrum per day. The tables shows that 3H,, henceforth
referred to in this work as (molecular) Tritium, yields by far the lowest required source
mass per decay rate near the endpoint. This is of course not the only requirement,



Isotope Spin-Parity Half-life Specific activity Qa Branching ratio Last eV Source mass

y Ba/g ev g
3H, 1,0 =/t 12.3 3.6 x 10" 18591 0.57 29x 1071 2.0 x 1077
151 o/st = 3/," 4.4 x 10" 0.26 147 1.2 x 107 5.0 x 1077 7.5 x 10’
135¢s 1/t = g 1.5 x 108 6.8 x 107 440 (0.04—16) x 1076 22 x 1078 04 - 217
187Re s/t = 1/, 4.3 x 100 1.6 x 10° 2470 1.0 12 x 10710 57
163Ho Ay 4750 1.8 x 101 2858 ~ 1012 ~1.0x 107°

Table 1: Candidate isotopes for direct neutrino mass measurements. The last column shows the
source mass required to produce 1 event per day in the last eV of the spectrum. @ 4 is the atomic
mass difference. Source: [11]

however on the whole tritium based experiments have thus far turned out to produce
the most competitive direct limits on the neutrino mass. One advantage of molecular
tritium in this regard, is that it is a very simple molecule, which makes modeling so
called final state effects of the molecule produced after the decay comparatively simple,
though certainly not trivial [31], to model and account for. Pushing beyond the current
best neutrino mass limits will nevertheless require moving from molecular tritium to
atomic tritium to further simplify the final state effects. This is discussed in the following
Section on KATRIN and Project 8.

See Formaggio et al. [11] for more detail on neutrino mass investigations performed
with each of these isotopes, and their relative advantages.

2.5.2 KATRIN

The lowest limits on the neutrino mass to date have been measured by the KATRIN
experiment [25,32] using molecular tritium. KATRIN uses a ”windowless gaseous tritium
source” in which the decay of molecular tritium occurs

Ty — 3HeTT + e~ + 1%. (2.18)

The decay electrons are then guided by a magnetic field to the pre-spectrometer and
finally the main spectrometer, both of which are Magnetic-Adiabatic Collimation —
Electrostatic (MAC-E) filters. This filter type, illustrated in Figure 2.4, uses an electric
and a magnetic field in tandem. Electrons are introduced to the spectrometer from a
region of high magnetic field and zero electrical potential. They follow the magnetic
field lines, as these are spread out into a region of weakest magnetic field in the analysis
plane of the spectrometer. This adiabatic transition collimates the electrons momentum
in the forward direction in relation to the spectrometer. At the analysis plane, the
electric potential is also maximal. The size of this maximum potential determines the
minimum kinetic energy an electron must have to cross over to ultimately reach the
detector plane. The MAC-E filter therefore acts as an integral filter allowing all electrons
above a certain kinetic energy to be counted. By adjusting the threshold potential in
steps, and measuring the integral flux of electrons at each, the beta spectrum can be
reconstructed point by point.

The KATRIN collaboration has produced the most precise measurement of the
neutrino mass-squared to date [25] at m% = —0.14Jj8:i§ eV? resulting in an upper limit
for the neutrino mass of mg < 0.45eV (90% c.l.). KATRIN’s main spectrometer measures
23 m long and 10 m in diameter, making it likely the final iteration of the MAC-E filter
as any further scaling of sensitivity would require an even larger size, which is deemed
prohibitive.

A second limiting factor on KATRIN’S sensitivity is the final state distribution (FSD)
of the produced HeT™ molecule. Since KATRIN observes the decay of molecular tritium
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Figure 2.4: The principle of a MAC-E-Filter. The grey shaded area marks the magnetic flux
tube connecting the source with the detector. The dashed green line at the center indicates the
“analyzing plane” of the MAC-E-Filter, where the magnetic field is at its minimum By, and the
electrostatic potential barrier at its maximum (—Upax). Electrons, originating from the source
on the left, are magnetically guided against the electrostatic retarding field towards the detector.
Track a) is the trajectory of an electron with enough kinetic energy to overcome the retarding
potential (cyclotron radius not to scale). The electron following track c) has less energy and is
reflected back to the source. Track b) belongs to a magnetically trapped electron that has been
created inside the MAC-E-Filter, for instance by a radioactive decay. The arrows at the bottom
indicate the direction of the momentum of an electron relative to the guiding magnetic field line.
The inhomogeneous field transforms transverse momentum into longitudinal momentum and back.

Source: [33]

(Eq. (2.18), the Endpoint has to be corrected for the difference in binding energy of
mother and daughter molecules

Eo=Qa—bo+ b(f)() — Erecoils (2'19)

where by is the binding energy of the initial molecular state, b )y is the binding energy
of the final molecular state, and Eyq.oi is the recoil energy imparted to the molecule.

This final state of the HeT™" molecule can absorb a range of energies which effectively
smears out the beta decay spectrum by the width of the distribution plotted in red
in Figure 2.5. Calculating this distribution with enough precision to allow for sub eV
resolutions on the neutrino mass is very difficult, but it is now possible to do precisely
enough such that it is no longer the dominant systematic error [31]. However the
broadening imparted by the FSD still results in a major statistical penalty, making it
much more difficult to push below a few hundred meV neutrino masses.
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Figure 2.5: The ground-state manifold of molecular tritium compared to the ground state of
atomic tritium. The ground-state Q-values differ by 8.29eV. Because of recoil effects, the
ground-state extrapolated endpoint values (Agg — m, in [34]) differ by 9.99 eV, but the molecular
rotational and vibrational excitations that broaden the molecular peak make the endpoint energy
for the atomic decay effectively about 8 eV smaller than the molecule. Translational Doppler
broadening corresponding to a temperature of 1 K is included in the atomic line. Source: Graphic
from [11], the molecular line is from [35].

The limits imposed on neutrino mass sensitivity by the size restriction on further
scaling of the MAC-E filter, as well as the sensitivity penalties imposed by the final state
distribution warrant a change in technology for pushing below 100 meV sensitivity to mg.
The next section will present an experimental approach to surpassing these limitations.
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3 Project 8

In this section we will introduce Project 8 [1], the neutrino mass experiment for which
this thesis work was done. Project 8 aims to reach a sensitivity to mg of 40 meV, with the
goal of either determining the neutrino mass if it is larger than that or else determining
that the neutrino masses are normally ordered.

Like previous direct neutrino mass experiments, Project 8 will measure the beta decay
of tritium around the endpoint. Reaching the target sensitivity will require substantial
improvements over the current state of the experiment KATRIN, discussed in Section
2.5.2. This is to be accomplished primarily with a switch in spectroscopy technique to
cyclotron radiation emission spectroscopy (CRES) and from molecular tritium to atomic
tritium.

3.1 CRES

The CRES technique is described and demonstrated in [36]. A gas source decays in a
magnetic field emitting electrons which then experience centripetal acceleration around
the B-field lines such that they perform cyclotron motion. This results in the coherent
emission of radiation at the cyclotron frequency f:

. 27['f0 N eB
oy me+E/c?

2 f (3.1)

where v is the Lorentz factor, e is the elementary charge, m, is the mass of the electron,
c is the speed of light, and FE is the kinetic energy of the electron. The zero-energy
(non-relativistic) limit electron cyclotron frequency is a fundamental constant [12],

fo = 27.992489872(8)GHz T~ (3.2)

Due to the energy dependence of the cyclotron frequency, we can measure the frequency
to calculate the electron’s kinetic energy from it. A sample CRES event is shown in
Figure 3.1. The event begins abruptly and then chirps to higher frequency (lower energy)
as it radiates away energy. The starting frequency represents the initial kinetic energy
and is therefore the observable we are looking to measure. There are a series of frequency
hops caused by discrete scattering events on residual gas that carry away some of the
energy. Over the time frame shown in the figure, the electron travels about 60 km. A
magnetic trap is required to keep the electrons in the sensitive volume of the CRES
detector long enough to measure the starting frequency accurately.

The chief advantages of CRES are the high precision that is possible due to performing
a non-destructive frequency-domain measurement, the extremely low background and
the fact that tritium is transparent to the microwave frequency of the signal. The latter
means that the radioactive source gas can be located inside of the CRES detector itself.
This means that unlike a MAC-E filter there is no need for electron transport to the
detector, and therefore no inherent limit on source column density as an electron does
not have to travel long distances through the source without scattering. This means
unlike a MAC-E filter, a CRES experiment will not have the same limitations on source
size and therefore event rate as implied by the source to detector scaling relationship
discussed in Section 2.5.2.

A CRES detector is also a differential spectrometer. It can measure the entire (or at
least large sections of the) spectrum at once since every electron is sorted by frequency.
This removes the ”time expansion” penalty to measurement time required for filter-based
spectrometry such as with a MAC-E filter [11], which must measure multiple times,
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Figure 3.1: A single tritium beta-decay electron recorded with the CRES technique. An electron
is created by 3Hy decay near the lower left corner and forms a track that slopes upward due
to radiation loss. The discontinuities from track to track are caused by the electron scattering
inelastically from the residual tritium gas. The most probable jump size corresponds to about
14eV. Eventually the electron scatters out of the trap and is lost. Source: [1]

setting the filter at a different energy threshold each time to build up the measured
spectrum.

Extremely low backgrounds can be achieved with CRES. There are 2 distinguishable
sources of background: physics background and false triggers. Physics backgrounds
occur when an electron other than from tritium decay becomes trapped. To be mistaken
for a real event it must have similar kinetic energy and a trappable momentum nearly
perpendicular to the magnetic field. Beta decay gas contaminants are negligible in the
vacuum environment, while decays on the walls of the vacuum chamber would return to
the walls immediately due to the high magnetic field. This leaves only electrons created
by cosmic rays as possible physical backgrounds which has been calculated at only about
0.01 events/(y eV m?).

False trigger backgrounds occur when random fluctuations in neighboring pixels of a
spectrogram like in Figure 3.1 happen to appear like a real event track. This false trigger
probability can be made arbitrarily small by increasing the threshold of integrated power
along the spectrogram track [1]. This comes at the cost of detection efficiency for short
but real tracks.

3.2 Atomic Tritium

The second major change Project 8 aims to make to improve neutrino mass sensitivity
is a move from using molecular tritium to atomic tritium. As previously discussed in
Section 2.5.2 and illustrated in Figure 2.5 the use of molecular tritium results in a difficult
but treatable systematic error as well as an unavoidable statistical penalty. Part of the
energy of the decay is absorbed by rotovibrational states of the daughter molecule which
results in a few eV wide range of possible available kinetic energy for the electron which is
to be measured. This results in an effective smearing out of the endpoint which can only
be recovered with both very accurate knowledge of the FSD and significant, potentially
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prohibitive, additional statistics.

Since the molecular state Hy is energetically favored, atomic tritium must first be
produced and then kept from recombining into molecules. Project 8 plans to use a
magneto-gravitational trap to accomplish three goals at once: the decay electrons will be
trapped by the magnetic field as required for CRES, the tritium atoms will be trapped
by the combination of magnetic and gravitational fields, and finally hydrogen molecules
will not be trapped because they do not have the required magnetic moment.

Trapping the atoms without contact to physical surfaces is required because free atoms
of hydrogen recombine rapidly into molecules on surfaces. Recombination in gas-gas
interactions is negligible at pressures below 10~®mbar, since it is a three-body process
due to momentum conservation requirements. A CRES apparatus must be operated at
such low pressures in any case [1].

Not trapping Ty is also very important, because the decay of tritium molecules would
be a background on the atomic tritium endpoint. As can be seen in Figure 2.5 the
endpoint energy of molecular tritium is actually higher than for atomic tritium. This
is because the molecular end state (*HeT)" 4+ e is a more tightly bound system than
the atomic end state (for two tritium atoms one of which decays) (T + *He™ +e-). The
additional chemical energy made available by the bound state produced by the molecular
decay shifts the endpoint energy by a few eV compared to the atomic endpoint [37].
This means that a comparatively frequent decay of molecular decay at 8ev from the
endpoint produces electrons of the same energy as the relatively more infrequent and
much more interesting decay of atomic tritium within 1eV of its endpoint energy. This
leads to a requirement of a very strict upper limit of the density ratios of T and T9 of
n(T2)/n(T) < 1074 [1] in the trap.

The initial production of atomic tritium does not have to be quite this efficient, since
the plan is to use magnetic guides to inject T into the trap. Molecules would not be
guided by magnetic fields and therefore effectively filtered out.

Nevertheless the production of the required atomic tritium and its cooling to trappable
temperatures is a significant challenge. The current baseline plan for atomic tritium
production and cooling is illustrated in Figure 3.2. Atoms are initially produced by
thermal dissociator, or ”cracker”, in which a sizable fraction of molecules is split into
atoms. Atoms are then cooled by contact with an accommodator surface operated at
~ 160 K; the temperature at which the recombination rate into molecules on aluminum
is at a minimum. Further surface contact cooling is to be performed on a liquid helium
cooled nozzle at ~ 10 K. Due to the high recombination rates the design must minimize
the average number of bounces per atom to perform this cooling with acceptable losses.
Any further cooling must be performed with contactless methods for which we envision a
magnetic evaporative cooling beamline (MECB) [38].

To achieve the anticipated trap density requirements we foresee requiring an initial
flow of atoms from the source of > 10'%atoms/s, such that after taking into account the
losses during cooling we can an injection of ~ 10'*atoms/s into the trap at trappable
temperatures of a few mK.?

2Hamish Robertson, atomic trap calculator
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Figure 3.2: Sketch of the atomic tritium beamline as currently envisioned. Ty molecules start
in the bottom left of the image where they are injected into a thermal dissociator or ”cracker’
that produces T atoms which then pass through multiple cooling stages. At a temperature of a
few mK they can then be injected into a magneto-gravitational trap displayed in the anticipated
upright position at the right of the image. In this trap T can decay releasing electrons that are
also trapped in the magnetic field and can then be measured with the CRES technique. A plot of
the trapping potential is shown on the top left hand side. Graphic by Alec Lindman.
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4 Mainz Atomic Test Stand (MATS)

To meet the requirements for atomic tritium production multiple parallel efforts are
underway as part of Project 8. One effort is the Mainz Atomic Test Setup (MATS)
which is a setup designed to test sources of atomic hydrogen for suitability to Project 8’s
needs. For the duration of the work presented in this thesis the, MATS was employed to
characterize a thermal dissociation source option called the "Hydrogen Atomic Beam
Source (HABS)”, which is described in more detail in Section 4.1.

The MATS is operated using molecular hydrogen (with the option of using deuterium)
rather than tritium for all tests presented in this thesis. Due to the substantial challenges of
working with radioactive gasses, Project 8 follows the approach of developing components
of the final beamline using regular hydrogen first whenever possible to minimize the
additional cost and time burden of tritium handling. Follow up tests to ensure that
lessons learned during development also work with tritium are planned afterwards e.g. in
the KAMATE collaboration between JGU Mainz and TLK in Karlsruhe.

A picture of the MATS along with a highly simplified schematic is shown in Figure 4.1.
The MATS is a stack of vacuum chambers connected by small openings called skimmers
through which the hydrogen beam passes. All chambers are separately connected to
vacuum pumps. While there are a large number of parts required to make this system
function, as well as a number of secondary instruments (e.g. pressure gauges) in this
setup, for now we will only discuss the main instruments depicted in the schematic and
their function in the context of this thesis.

to Gas System

Chamber 1:
Source

Wire Detector

Chamber 2:
Differential
Pumping

Chamber 3:
Mass Spec. Mass
Spectrometer

Chamber 4:
Beam Dump

Figure 4.1: On the right we show a schematic view of the MATS vacuum chamber layout. The
dashed lines to a picture of the setup on the left show where these sections line up with the real
setup. Work presented in this thesis is primarily carried out in Chamber 1, which contains the
wire detector mounted on a translatable stage for scanning through the beam. Photo on the left
by A. Lindman.

The topmost chamber contains the Hydrogen Atomic Beam Source (HABS) and is
therefore called the source chamber. Molecular hydrogen is passed from the gas system
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into the top of the HABS. Depending on the temperature the HABS is heated to, a
portion of the gas is dissociated into atoms and emitted from the bottom end of the
source mixed with the remaining molecular hydrogen. Unless otherwise indicated, the
calorimetric wire detector which is the subject of this thesis is located in the source
chamber, as indicated by the schematic. This puts it as close as possible to the source,
maximizing signal, and enables the detector to be translated underneath the source, to
map the beam shape.

Chamber 2 is a differential pumping section. Its purpose is to allow for a larger
pressure difference between the source chamber above and the mass spectrometer chamber
below. The source chamber is necessarily at a comparatively high pressure, when gas is
supplied to it via the source. Effusion of this gas through the bottom skimmer means
the chamber below is exposed to a fraction of this gas load raising its pressure as well.
By including the differential pumping section, which essentially repeats this effusion
process at a lower pressure, only a much smaller fraction of this gas ends up in the mass
spectrometer chamber.

The size of the skimmers between the chambers increases from the topmost skimmer
between chambers 1 and 2 such that all geometric lines of sight through the topmost
skimmers will end up in the beam dump without hitting other surfaces. This is meant to
ensure that the primary beam is not scattered in the mass spectrometer region, which
would significantly raise the pressure in that chamber.

This arrangement is optimized to achieve a very low background pressure (~ 10~'° mbar)
in the mass spectrometer chamber even when a significant amount (~1 x 10'® molecules/s)
of hydrogen is introduced to the system through the source. This maximizes the signal-
to-background ratio when measuring the beam with the mass spectrometer, which would
also measure any background pressure of hydrogen in its chamber.

For most of the measurements performed with the wire detector presented in this
thesis, the arrangement of chambers below is not very important. They are introduced
here because the optimizations made for the mass spectrometer will influence design
decisions made during this thesis and because references to measurements made with the
mass spectrometer will occasionally be made.

4.1 Hydrogen Atomic Beam Source (HABS)

For the results presented here, we use a commercially available “Hydrogen Atomic
Beam Source” (HABS)3. This is a thermal hydrogen dissociator manufactured by MBE
Komponenten GmbH that produces atomic hydrogen by passing a flow of molecular
hydrogen through a tungsten capillary that is heated to around 2200 K [39]. An annotated
model showing the inner workings of the HABS is shown in Figure 4.2.

A simplified diagram of the gas system is shown in Figure 4.3. The hydrogen flow
through the source is controlled by a mass flow controller* in the range of 0.002 — 20
standard cubic centimeters per minute® (sccm). Before entering the source, the gas
flows through a purifier® which removes any water, oxygen or hydrocarbon contaminants.
This purifier takes a few seconds at high flows and up to few hours at very low flows,
to be saturated with hydrogen to the point, that the same amount of hydrogen that
enters it from the mass flow controller side exits downstream. We therefore employ a
pneumatically operated valve just after the purifier, which we switch on and off in time
with the mass flow controller, in order to keep the purifier at a given desired pressure that

3https://www.mbe-komponenten.de/gas-sources/habs/
*Alicat Model: MCE-20SCCM-D-DB15K

®1scem = 4.48 x 10" molecules/s

SEntegris GateKeeper MC1-904F
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Figure 4.2: An image of the HABS attached to its vacuum flange on the left. On the right is a
cutaway of a 3D model showing the internal parts. Gas is pumped through the capillary, which is
heated by passing a current through a heating filament in close proximity. The thermocouple can
be used to monitor the source temperature. Image by MBE Komponenten, CAD model adapted
from A. Lindman.

corresponds to the steady state flow set on the mass flow controller. This is necessary to
allow fast switching of gas flows below 10 sccm when using the purifier. This is described
in more detail in Appendix B.

\Val
N LA

b === -
[

Pneumatic
Mass Flow Purifier Valve '
H Controller ' |HABS
2 1
Gas !
Bottle

Figure 4.3: Simplified gas flow diagram showing only components relevant to wire detector
operations. Gas flows from the gas bottle through a mass flow controller which is used to set
the flow of hydrogen into the setup. The purifier removes impurities from the gas flow. The
Pneumatic valve is used in synchronization with the mass flow controller, to isolate the purifier in
the state required for steady state flow as set by the flow controller. The purifier otherwise acts
as a capacitor which first needs to be saturated with hydrogen before it passes an equal amount
of gas as it receives from the flow controller.

For the primary results presented here, the HABS capillary is located 35 mm above
the wire detector. At typical settings of a flow of 1 sccm of Hy at 2200 K, the source
produces a beam intensity of order 106 atoms/cm?s [39]. In the ideal case where all
atoms landing on the detector recombine, releasing 4.46 eV per molecule, this corresponds
to a heat load of about 7mW /ecm?. In the case of the detector wire that will be discussed
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in Section 5 with a length of 20mm and diameter of 5 um this corresponds to at most
7 uW of heating along the length of the wire.

Hydrogen is emitted from the HABS as a diverging beam, with an initially unde-
termined fraction of dissociation [40]. Since the wire is not a point detector, it always
integrates a portion of the beam along its length. The change in beam intensity along
this length must be modeled.

We derive the HABS beam output intensity distribution jgaps based on a theoretical
model [41] modified by the setup geometry. As it will be defined, jyaps is the probability
density per unit angle [1/sr] of finding a particle which leaves the HABS capillary at a
certain angle from the capillary axis downstream of the copper cooling shroud covering
the HABS.

Figure 4.4 illustrates the geometry of the HABS. The capillary forms an initial beam
which is then modified, when parts of it are obscured by the copper shroud. We call the
fraction of the capillary which is visible under a viewing angle 6 relative to the capillary
axis gvisible(#) (see Section 4.1.2). This functions as a geometric correction factor to the
initial output intensity distribution of the capillary jnorm(0;legt) (see Section 4.1.1) such
that

jHABS(e; leff) = jnorm(g; leff) ) gvisible(e)‘ (41)

This does include an implicit assumption that gas exiting the capillary has a uniform
density across the exit plane. This may not be exactly true, and Monte Carlo simulations
indicate this may change the effective g factor by a few percent, depending on the actual
gas density distribution. Absent a fully-fledged model for the gas density distribution in
the exit plane of the capillary, for the purposes of this thesis, we will assume it to be
a uniform distribution, such that every point in the capillary exit plane emits gas with
equal intensity.
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Figure 4.4: A sketch of the geometry of the HABS copper shroud, which partially and then fully
obscures the capillary from which the hydrogen beam originates. The inside edge of the penumbra
is located at 19.4° and the outside edge at 26.2°. Beyond the outside edge no portion of the beam
is expected to be visible (umbra). The angle € is always measured between the capillary axis
and a line drawn from the center of the capillary at its front face. Additional clarification on the
coordinate definitions is available in Appendix A.

4.1.1 Capillary output distribution

As described in the following text, we construct the output distribution from the capillary
Jnorm (0; legg) such that it is a normalized probability density function. Normalization is
useful, since the total flow of molecular hydrogen through the source capillary is known
and controlled by a mass flow controller.

We start from the theoretical model of beam intensity from a cylindrical capillary,
which is adopted from literature and denoted with j. Refer to Tschersich et. al. [41] for a
comprehensive explanation. j is a function with a single dimensionless shape parameter
called the effective length, lo¢, which describes the effective ratio of length to diameter of
the capillary. leg differs from the physical aspect ratio of the capillary if gas flow through
the capillary is large enough, such that the flow cannot be approximated as transparent
molecular flow along the entire length. All gas flows used in our study are large enough
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that leg is much shorter than the physical length of the capillary.
The beam model j is given by
J(0) = ja(0) + juw(0)
with  jg(0) = cos(8)-U(p)

. 2
and ju(0) =gk (1 5ty ) 200 (- V(8) (4.2)

+ <1 +1) cos(8)(1 - U(B)),

U(B) = (28 —sin(B)) /7 } 0 < arctan(1/lo)

where V(B) = sin(B)? (4.3)
UpB)=V(B)=0 otherwise
and (0) = arccos(leg - tan(h)). (4.4)

Here jg is the formed by the gas which passes through the tube directly without wall
interactions after the flow becomes molecular, whereas j,, is the gas which is rescattered
from the walls of the capillary before exiting. V' and U are auxiliary functions which we
do not interpret physically.
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(a) The relative output intensity j as a function of angle from (b) The fraction of the capillary opening that is visible to an
the capillary axis 6. j converges to the Lambert cosine law for observer (in this case the wire) from the angle 6. At high angles
small legr, equivalent to a zero length aperture. For large log it the copper shroud surrounding the HABS capillary obscures
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hydrogen flux at those angles.

Figure 4.5: The two beam shaping components of juaps(6;leg) are plotted as a function of the
viewing angle 6. On the left we show the shape of the beam as it exits the source capillary, and
on the right the multiplicative geometric modification function gyisiple that is caused by the exit
aperture of the HABS shroud.

Figure 4.5 shows how j and gyisible €volve with angle. j falls off to reduced intensities
as the angle increases, decreasing more sharply for larger log. gvisible acts as a window
function with a smooth transition from fully visible at small angles, to partially shadowed,
to fully obstructed at larger angles.

We normalize the intensity profile j by the integral over the emittance hemisphere

(9 leff)
fo 7 (0, log) sin 0d9d<p

jnorm(9§ leff) (4.5)
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It should be noted here that since j is also a function of the effective length I.g
the normalization integral has to be recalculated for every l.g. The normalization as
described here results in the integral of j,omm over the hemisphere being equal to one.

27
/2 / Jnorm (0; ler) sin 0dfdy = 1. (4.6)
o Jo

Normalized this way, jnorm can be treated as a probability density function for the
emission of any single gas particle.

After multiplication with gyisible(?), juaBs(0; leg) is of course no longer normalized to
1. This is the intended behavior, as we can measure how many particles flow through the
capillary, but we cannot directly measure how many make it out of the copper shroud.

4.1.2 Geometrically visible fraction of the capillary

In this section we discuss the windowing effect of the cutout in the HABS shroud on the
beam as pictured in Figure 4.4. Depending on the viewing angle 6 a different fraction
of the capillary is visible from below, which we call gyisiple. This fraction is relevant for
the beam intensity on the wire, as only the portions of the capillary occluded by the
HABS shroud do not contribute, which leads to a sharp drop in beam intensity within
the penumbra of the shroud. The resulting window function gyisible(€) is relevant for
calculating the heating power due to the beam on the wire detector, which will be used
in fits in Section 8.

Fully Visible Penumbra Umbra
(0 =0°) (0 =22°) (6 =27°)

o e

Figure 4.6: Illustrated view of the capillary when looking up at the HABS from the wire detector
when it is placed in the center, the penumbra and the umbra of the HABS shroud. The shaded
area of the smaller circle represents the region of the capillary end surface that is visible from
the wire. The exact size and shape of this region depends on the viewing angle 8 at which the
capillary is located relative to the wire.

We define
Avisible (9)

, 4.7
Acapillary ( )

gvisiblc(e) =
where Acapillary is the area of the capillary end face and Ayigiple is the portion of that
area which is visible from a viewing angle 6 as illustrated in figure 4.4. Figure 4.6 shows
that when seen from below, this problem turns into a calculation of the intersection of
the circles formed by the capillary and the opening in the HABS shroud. Calculating
the area of the intersection when accurately taking perspective and the resulting change
from circles to ellipses in the projection into account is quite complicated. Instead we
will make approximations to keep the problem analytically solvable since the resulting
equation will be called many times during the fitting routines it will be used for.
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We will simplify the problem by assuming that any deviation away from a circular
projection is small, since we always expect to be fully in the umbra for 6 > 30°. We will
also approximate the arc section formed by the HABS shroud as a straight terminator
moving across the circle formed by the capillary. This is only a small deviation, since
the much larger HABS only has a small curvature over the width of the capillary as can
be seen in Figure 4.6. We accept the few percent level inaccuracy introduced by these
approximations.

The geometric approximation to a straight terminator passing over a circle, illustrated
in Figure 4.7, allows us to calculate A,isple as the integral over a circle equation such
that

20
Avisible = 2/ dz V Tg — 22 (48)

1

where r. is the inner radius of the capillary. Which has the analytical solution of

20
2
z z z
Avisible = 7“2 7 1- <7"> + arcsin <T’> . (49)
c c c

Z1

Since we always choose zg = 7. to be on the edge of the capillary circle we can
calculate Ayisiple as a function of only z;

2
Ayisible (21) = 77 g - <z1> — arcsin <Z1> . (4.10)

Te

Figure 4.7: Tllustration of the integration of Ayisiple- The capillary circle is integrated along a
straight terminator as a simplification for the ellipsoidal arc shaped shadow cast by the circular
HABS shroud opening.
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We can then write z1 as a function of the viewing angle #; under which the HABS
shroud occludes the capillary up to 21

21 =7 — dep - tan(&l), (4.11)

where 1y, is the radius of the opening in the HABS shroud, and d, is the distance between
the HABS opening and the capillary, as illustrated in Figure 4.4 And thus we can solve
Ayisible(#) for any viewing angle 6 within the penumbra. The final piecewise function for
Jvisible Under any viewing angle is then.

1 if 0< epenumbra
() = Ayisible (21(0)) T <P<0 4.12
Gisible(0) P 1 penumbra = V' = Uumbra (4.12)
0 if 0> 0umbra

with Openumbra = arctan (%) and Oymbra = arctan (%) The resulting function
C. C.

for deg, = 7.1mm, r, = 3.0mm, and r. = 0.5 mm is plotted in Figure 4.5b.

While these size and position values can of course be measured in principle, in practice
they have not been measured to the precision implied here. This means it is sometimes
necessary to treat them as free model parameters when fitting data measured with the
wire detector. Since dg, is the least precisely known, and since these parameters can have
highly correlated effects on fits, we generally only fit d., as a single additional geometry
parameter. See Section 8.3 for more details.

More generally, any misalignment of the capillary and the HABS shroud, either
in angle or position, would change the calculation presented above. In our simplified
approach we have assumed that both the capillary and shroud openings are perfectly
centered on each other and have no tilt with respect to each other, such that we can define
the y-axis as running through the centerline of the capillary and the shroud opening.
The real assembly may subtly deviate from this simplification, but we do not quantify
that effect in this thesis.
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5 Calorimetric Wire Detector

In this section we will discuss the development of the calorimetric wire detector. We will
introduce formulae to describe our understanding of heat flow along the wire, use these
for simulation of the detector and illustrate the design iterations we went through.

The operating principle of the detector is the detection of the heat released by the
recombination of atomic H back into Hy on the surface of a thin wire. This calorimeter
wire is strung across the beam, such that it intercepts a small slice of the beam. A sizable
fraction (in the tens of percent depending on the surface) [8] of the atoms that hit the
wire stick to its surface, where they can recombine into molecules, releasing 4.46 eV per
molecule [9]. A portion of this energy is absorbed by the wire causing a slight heating,
which can be detected by measuring the corresponding increase in resistance. Such
detectors for atomic hydrogen beams have been previously discussed in literature [3,4].

For reference during the ensuing descriptions, the final result of development work
in this thesis is the wire detector depicted in Figure 5.1, which consists of a 5 pm thick
gold-coated tungsten wire, that is strung across a 20 mm wide gap. On each side of
the gap, the wire is mounted on the aluminum nitride printed circuit board (PCB) by
soldering it to copper traces leading to the readout electronics. The thickness of the wire
was chosen to be the thinnest that could be readily procured and assembled into the
detector. A thinner wire has higher base resistance as well as a lower heat conductivity
such that, for a given heating power, temperature changes to the wire and resulting
resistance changes are maximized. For the same reason a longer wire to further increase
the aspect ratio of the detector is preferable. The length of the wire used here was chosen
to fit within the space available in the vacuum chamber and to pass through a CF40
vacuum flange.

The wire resistance is measured by applying a constant current to the wire and
recording the voltage drop over the wire with a digital multimeter. The wires typically
have a room temperature resistance of /~ 65 2 rising to as much as 100 €2 during operation.

The detector PCB is mounted on a z-translator stage’, such that the wire can be
scanned across the hydrogen beam. About 31 mm of travel is available within the confines
of the vacuum chamber. This travel covers roughly -15° in one direction and +30° of
the beam in the other direction of the capillary axis, as seen from the wire’s location.
Approximately 25% of particles emitted from the capillary are in this region, and the
beam intensity drops to &~ 40% of its maximum intensity at 20° off-center for a beam
produced by a typical flow of 1sccm®. Due to an aperture, the beam is cut off beyond
26° allowing for measurements with the wire fully outside of the beam. The details of
the hydrogen beam source are described in Section 4.1.

In the following subsections we will discuss the various effects that must be accounted
for when doing calorimetry using a resistive wire. We will introduce these effects in
the context of a finite-element thermal model of the wire which illustrates the scaling
of various heat fluxes on the temperature - and by extension resistance - of the wire.
Simulated design studies based on this model informed our decisions when building the
wire calorimeter and will be presented later in this section The simulation is realized as
Python code available on GitHub?.

"McAllister Bellows-sealed Linear Translator (CF 40)
81scem ~ 4.48 x 10 "molecules/s
“https://github.com/christianmatthe/wire_detector
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Z—translatoy/

e Calorimeter
WIGES

Figure 5.1: On the left is a view into the vacuum chamber containing both the hydrogen atomic
beam source (HABS) and the wire detector. The HABS can be seen to be glowing as it does
when operated at high temperatures. The z-axis, along which the wire detector can be moved, is
indicated. A frontal view of the wire detector is shown on the right. Three wires are attached to
the detector board for redundancy. The rearmost wire is used for all the data presented in this
thesis. A Pt1000 temperature sensor is clamped to the back of the detector board for monitoring
its temperature.

5.1 Signal: change in resistance

The direct measurables of the wire detector are the current I that flows through the
wire and the voltage drop V over the wire. Using these the resistance R = V/I can be
determined. The wire resistance depends on its temperature, which forms the basis of
the calorimetric measurement. In linear approximation, for an arbitrary temperature
distribution 7T'(x) along a cylindrical wire the total wire resistance is

R= / PR(1 4 o (I(w) ~ Trar)d (5.1)
wire Ccs

with pr the specific resistance, A.s the cross sectional area and a the temperature

coefficient of resistivity, and T} is the reference temperature at which the quoted or

measured value of pr and a are valid.

To simulate behavior of the wire resistance we therefore need to calculate the temper-
ature distribution along the wire. This distribution is only analytically solvable if one
makes simplifying assumptions, requiring that heating effects be linear in temperature.
Most obviously this means approximating thermal radiation (oc 7%) with a Taylor expan-
sion to first order. Studies of calorimetric wire detectors based on analytical modeling are
available in literature [3]. While good approximations can be made for small temperature
changes <50 K we nevertheless opt for finite-element methods to gain more flexibility.

27



Rwire
] \
R1R2 R[ Rn

O
Figure 5.2: Basic electrical design of the wire detector. The main functional piece is the calorimeter
wire strung across a gap in the detector board. The voltage drop V' over the wire is measured
while a current [ is applied to the wire. This allows a measurement of the wires resistance R ;ye.
It is important to point out, that the wire is an extended resistor, which is indicated into the

arbitrary division into n wire segments. A change in temperature at any point along the wire
changes the local resistance R;.

Approximated for a finite number of elements nge, the integral in Eq. (5.1) becomes

Nseg Nseg

. o PR - lseg . o
R= ;RZ = Z S (14 a- (T; — Try)) (5.2)

where R; and T; are the resistance and temperature of segment ¢ and leg is the length of
the segments. This basic electrical approximation we adopt for simulation is illustrated
in Figure 5.2.

The raw signal of any measurement is then the change in resistance AR between
initial equilibrium and final equilibrium after a change in heat input to the wire.

AR = R(Tﬁnal(l‘)) — R(,-Tintial(:z)) (53)

As an illustration, the simulated change in temperature profile along the wire is shown
in Figure 5.3. This example shows the wire responding to a heat source in form of a
1mA current flowing through the wire, which causes Joule heating (P = I?R). In this
example, the temperature along the wire increases by up to 30 °C , which in turn results
in an increase of resistance of about 5.3 or a 10% change.
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Figure 5.3: Simulated temperature profile along the wire for an “Initial” wire at 20°C and a
“Final” equilibrium after simulating a current of 1 mA through the wire. The resistance of the wire
in initial and final states is indicated as well as the absolute and relative change in resistance.

5.2 Simulation of the temperature distribution

For our simulation we discretize the spatial dimension along the wire into wire segments
of length lse and time into steps of length At. For every segment of the wire we can
calculate the change in temperature AT in response to an input of net heat AQ) starting
from the definition of the heat capacity

AQ

= lim —=. A4
¢ ATI“IEO AT (5-4)

Therefore for sufficiently fine timesteps such that AT is small for every wire segment
we can calculate the change in temperature

AQ
AT = — 5.5
~ (55)
for a cylindrical wire segment with the heat capacity
Cseg = Acs : lseg ) (56)

where p is the density of the wire material, A is the area of the circular cross section of
the wire, and c is the specific heat capacity of the material.
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For calculating the net heat input AQ on a wire segment we define the quantity
fnet, the net rate of heat flow per unit length of wire, henceforth called just heat flow.

([f] = [[If)e(if;ﬂ} is a power density along the long axis of the wire):
AQ
et = ————, 9.7
Fuet lseg - A (5.7)

which is independent of the simulation step size parameters sz and At. Solving for AQ
we obtain

AQ = fuet - lseg - At (5.8)
and substituting AQ and Cyeg into Eq. (5.5) yields

o fnet i lseg BAY
Acs'lseg'p'c

o fnet'At

p-Ag-c

AT
(5.9)

which allows us to calculate the change in temperature of a wire segment in one time
step in response to an fyet of our choosing. For normal operations, the simulation is run
for a number of steps such that AT converges to ~ 0 for all wire segments, i.e. until
thermal equilibrium is reached.

The decisions on what to include in the calculation of fpet is the main challenge in
creating a useful simulation. For work presented in this thesis we define f,¢; as the sum
of multiple heat flow components:

fnet = frec + fel + fbeam,gas + fbb
_frad - fconduction - fbkgd,gasa (510)

where froc is heating due to the recombination of hydrogen atoms on the surface of the wire
and is the component we aim to measure, fo is ohmic heating due to electrical current,
frad is due to radiation (emission from the wire and absorption from the surrounding
chamber), feonduction is due to thermal conduction along and out of the wire, fheam gas is
due to the kinetic energy of atoms and molecules in the beam, fy, is due to the blackbody
radiation from the hot and glowing HABS, and fikgd gas is due to interactions with the
background gas in the chamber. The equations describing each individual component
can be found in Section 5.3.
Integrating any of these heat flows fj over the length of the wire yields

Nseg

Pj = fj(x)dx ~ Z-ﬂ(a:z) : lseg; (5.11)

wire

the total heating (cooling) power due to this source (sink).

P,ec contains information about the amount of atomic hydrogen that is in the measured
beam and how it is distributed. It is therefore the component of interest for this thesis.
The procedure for extracting it from the raw signal is detailed in Section 8.2.

5.3 Heat flow components

This section is a glossary of equations used in the simulation of the wire detector. All
quantities fj are power densities (power per unit length of wire [W/m]) due to various
effects that impact the wire.
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5.3.1 Recombination of hydrogen into molecules

The detection of heating due to the recombination of atomic hydrogen into molecules is
the primary purpose of the wire calorimeter. For modeling its contribution fe. we need
to calculate

d? Ny
dtdz °f
d? Nt

where %22t is the rate ([(particles/s)/m]) at which atoms hit the wire per unit length
and E.g the effective average energy of recombination per atom that hits the wire.

We calculate E.g as the product of the energy released per recombination E,.. and
the calorimetric efficiency of the wire surface for recombination 7;.c.:

frec =

(5.12)

ET’GC
T)
where the recombination energy Fie. ~ 4.46€V is divided by 2 since 2 atoms are required
per recombination reaction. The calorimetric efficiency for recombination of atoms on a
given surface is the fraction of the total available chemical energy in form of the difference
in binding energy between atomic and molecular hydrogen that ultimately heats up the
wire. This fraction which we will call 7., can be divided into multiplicative factors
describing substeps of the process. One possible factorization is

Eog = pec - (5.13)

TNrec = Qg - 7S * ﬁrec (514)

where aj is the likelihood of an atom that hits the surface to stick to it, g is the
likelihood of an atom adhered to the surface to recombine into Hy, and (¢ is the fraction
of the recombination energy that is deposited into the wire (rather than being carried
away by the Hy). For our purposes, this factorization is of largely academic nature, since
we have no way of measuring these parameters individually in the setup presented in
this thesis. However the factorization is useful for comparison of figures presented in
literature. A discussion of the relevant sources ( [42], [43], [44]) will occur in Section
5.5.3 where we discuss the potential effects of the choice of wire material. In short we
ultimately conclude, that 7. is poorly constrained by literature e.g. following Melin et
al. [43] for a platinum surface 7. = 0.00970009, while Livshits et al. [44] suggest the
possibility of 7., as high as 0.25 for an appropriately treated platinum surface.

As a result, wherever we are forced to make a choice, such as for this simulation, we
simply choose to set 1., = 1. In practice ... simply becomes part of a fit parameter
summarizing multiple unknowns later (see Section 8.1), and therefore a precise choice is
not required for most results we present.

Setting 7, = 1 overestimates the expected signal of the wire detector. In the analysis
of real beams choosing the factor 1 minimizes the atom flux required to explain the
recombination heating signal that is measured. An atom flux measurement derived from
Nree = 1 is therefore a conservative limit on the number of atoms produced by the source.
This is desirable because producing a large number of atoms is a requirement for the
goals of the Project 8 collaboration, and underestimating the atom count will make lead
us in the direction of developing a more capable source, rather than settling on one that
may produce an inadequate number of hydrogen atoms.

The second component of Equation (5.12), d;t]g;t
density J [particles/m?s| of atoms in the beam at the wire surface, which in simulation
we can of course set arbitrarily. In practice we calculate it either from a hypothetical
”top hat” shaped flat circular beam of uniform flux density, or from jigaps a realistic

can be calculated from the flux
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beam model for a thin capillary defined in Section 4.1. For calculating the atom flux per
unit wire length we must simply integrate over a slice of the wire in z-direction (i.e. over
the width of the wire for a single z-position):

d?> Ny
— 1
s /w () (5.15)

which for a beam of uniform density J(z, z,y) = Jy is simply

d? N,
dtdz

where dyire is the diameter of the wire.
For a realistic beam model for our source Jyas = Pat - juaBs, where @, is the total
flow of atoms in the beam ([atoms/second]), we obtain instead

= / dzJ(z,z,y) = Jo - dyire (5.16)

d”Nas . cos>(6;)
dtdx = [uire dz'](wa z,y) = (I)at . JHABS(@'; leff) : Tg . dwire, (5.17)
%(9)

where COZQ results from the coordinate transform when converting jmpaps which

is defined in Ospherical coordinates as a probability density per steradian [1/sr] to a
probability density over the cartesian coordinates of the wire [1/m?] (see Appendix A for
details). yo is the distance from the source capillary end-face to the wire and the angular
position 6; is the the angular position of the wire segment with respect to the source
capillary axis.

We therefore ultimately end up with

) ) cos3(6(i FElrec
frec = ]HABS(Q(Z); leff)y(g()) Py - dwire * TMrec * T (518)
0

for our recombination heat flow using our source model.
And for a uniform atomic beam of intensity Jy we obtain

E,
frec,uniform = JO ' dwire * Nrec - %~ (5'19)

5.3.2 Kinetic energy of beam gas

In addition to the heat load due to recombination, a given hydrogen atom or molecule
which hits the wire also delivers a portion of its thermal kinetic energy. Since the source
and therefore the beam is operated at temperatures upwards of 2000 K, this contribution
can be substantial.

For a beam of mixed atomic and molecular composition we must add the contribution
of each component

fbeam,gas = fat + fmol- (5.20)

For each of the components we can use the same approach as in Eq. (5.12) for the
recombination heat flow such that

d? Nt /mol
fat/mol = #/xmo : Eeﬁ",kinat/molv (521)

only now we must consider the effective average transfer of kinetic energy per particle
Eeft xin,, Jmol” This we can calculate as
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Boft kinye s = @B r* (Vi Tatjmot) * Tatmol = O (M) - T) (5:22)
where Cy,, /mollo is the heat capacity per particle of atomic and molecular hydrogen
respectively as a function of the temperature of the gas Ty /y01, and 7; is the temperature
of the wire segment ¢ at position z;. By selecting the appropriate subscript u¢/mol this
equation yields the intensity of the atomic or molecular beam gas heating component.
ap is the energy accommodation coefficient of the gas on the wire and describes the
average fraction of the available kinetic energy which is passed on to the wire, defined by

_ Ei - E,

= — 5.23
e (5.23)

ap
where F; is the average energy of the incident particles, E, is the average energy of
the reflected particles, and F,, is the energy a gas particle carries away if it desorbs in
thermal equilibrium with the wire surface.

This is a surface dependent parameter which is initially unknown and set to 1 in
the simulations presented in this thesis. In Section 8.3.2 we will discuss methods for
determining this value from data for a purely molecular beam.

Following the same procedure for calculating the number of particle hits on the wire
as in the previous section, Eq. (5.21) yields

. _ cos®(0(i
fat/mol = ]HABS(0(1)5 leff)y(g()) * Dat - dyire
0
’ aEat/mol ’ (Cvat/mol (Tat/mol) : Tat/mOI - CVat/mol (ﬂ) ’ E) (524)
for the HABS beam model and
fat/mol = Jat/mol * dire-
" QFEq4 /mol | (CVat/mol (Tat/mol) ’ Tat/mol - Cvat/mol (ﬂ) ’ Tz> (525)

for a uniform beam of flux density Jy/mo1-

For the simulation we generally assume the temperature of the gas T, /n,01 to be equal
to the source temperature, though these can be simulated as separate parameters. For a
source temperature of ~2000 K the kinetic energy of a hydrogen atom is approximately
one tenth of its chemical potential energy Fie./2. Therefore, for a pure atomic hydrogen
beam fheam gas = frec/10. However for a mixed beam with less than 10% atom content,
fheam_gas can be the larger of the two.

The effects of fheam gas Will be explored with measured data in Section 8.

5.3.3 Blackbody radiation from the hot source

So long as the wire detector is in direct line of sight of the hot parts of the HABS such as
the source capillary itself, it will receive a heat load due to thermal blackbody radiation
emitted from the source. The exact contribution of this effect is difficult to model, since
in principle it would require exact geometrical descriptions and temperature maps for

YONIST Cv,u,(T): https://webbook.nist.gov/cgi/cbook.cgi?ID=C1333740&Type=JANAFG&Table=
on#JANAFG, Cv,u(T): https://webbook.nist.gov/cgi/cbook.cgi?ID=C12385136&Mask=1
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all parts of the setup which are within line of sight of the wire and have a different
temperature. We contend ourselves with only including contributions from the hottest
(and therefore most intensely radiating) parts of the source directly to the wire.

We start by calculating the power radiated from the hot portions of the source. Using
the Stefan-Boltzmann law the radiant excitance from a gray body is

M=c-o-T* (5.26)

where ¢ is the gray body emittance, o is the Stefan-Boltzmann constant and T is the
temperature of the gray body.

Simplifying the geometry substantially, we model the HABS as just a hot circle of area
Anaps when seen from the wire below, which emits with intensity M = epgaps- o - Tﬁ ABS
from every point. At the wire, a distance of yg from the HABS, this intensity is diluted
by the surface area of the sphere formed around the emitting surface with radius g,
such that at the location of the wire every point of the glowing surface Agaps causes an
irradiance F, per emitter area of

dFEe(yo)
dA
Integrating over Apgaps while disregarding for simplicity that every point in Apaps
is at a slightly different distance to a point on the wire, we get

dEe(yo) , . _ 4 Anass
Ee(yo) = /AHABS 76@4 ~ EHABS ' 0O * THABSW (528)
which is the radiant exposure ([W/m?]) at the wire surface due to the glowing HABS.
From here we just have to multiply with the wire diameter and the wires absorptivity.
Using the simplification of treating the wire as a gray body with constant absorptivity,
we can use Kirchoffs law of thermal radiation, which states that for such a body the
absorptivity a is equal to the emissivity €). We can therefore multiply with the wires
own emissivity ¢ instead to obtain the heat flow due to blackbody radiation from the
glowing source

= M/(4my5) = enans - 0 - Tiaps/ (4795). (5.27)

AHABS

fob =€ -enans - 0 - Thaps - - dyire- (5.29)

Arfiaps

This is a deliberate oversimplification of the source geometry and its thermal output.
For any meaningful improvement thermal models of the source itself would be required.
For our simulations we simply set Apaps to be the size of the opening of the HABS
shroud at uniform temperature Tyags. The emissivities are also free parameters and are
initially set to 1 just to get a sense of scale.

In practice, blackbody radiation from the source is often the dominant source of heat
on the wire when the source is hot. However, if the source temperature is well stabilized,
fob 1s constant and so its effect can be eliminated by other means for data extraction.
See Section 8.2 for more details on how we deal with this contribution on real data.

Additional secondary effects, such as the source radiation heating other parts of the
wire holding structure or heating of the chamber itself are not modeled in the simulation.
We justify this on the grounds, that due to their larger size, the ceramic PCB and the
stainless steel holding structure have thermal conductance and heat capacities multiple
orders of magnitude higher than the wire itself.
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5.3.4 Electrical heating

For measuring the resistance of the wire, as well as for use as a calibration heat source,
we apply currents to the wire. Due to Joule heating this causes an additional heat load
on the wire of

P, =I’R, (5.30)

where [ is the current and R is the resistance of the wire. We can express the distribution
of this heat for a wire with discrete elements as

foo =1 Ri(T}) /lseg (5.31)

where R;(T;) = (p-lseg/Acs) - (14 a) - (T; — Trer) is the resistance of the segment 4, and lgeq
is the length of the segment. p is the specific resistance, A.s denotes the cross-sectional
area of the wire and a is the temperature coefficient of resistivity. T; is the temperature
of segment ¢ and Ty is the reference temperature at which p is quoted.

Because I can be freely adjusted both in simulation as well as the real experiment the
effect size of fo can vary widely, but it is in practice often one of the largest heat sources.

5.3.5 Heat conduction

The main mechanism by which heat is distributed in the wire is heat conduction. Due the
simplified construction of our simulation we can calculate this using the one dimensional
version of the Fourier’s law

dr
Uz’
where ¢, is the local heat flux density ([W/m?]) in the x direction, k is the materials
heat conductivity and % is the gradient of temperature along the wire.

We choose all our gradient conventions such that a positive heat flux is heat that
flows out of a given wire segment. This is keeping with Equation (5.10) where conduction
is typed as a heat loss mechanism due to the negative sign. Of course a segment with
warmer neighbors will still receive net heating, which will be a negative f.onduction;-

For discrete wire segments that are Az = lse apart this equation yields a conductive
heat flow between two adjacent segments from segment 7 to segment ¢ — 1

4z = (5.32)

(Ti—1 = T7)

: (5.33)
lseg

Gis(i-1) = =k

where T; is the Temperature of wire segment 4. Since any wire segment has two neighbors,
the net heat flux density on the wire segment is

Tio1—T;)+ (Tiv1 — T3)

Gnet; = Gis(i—1) T Qims(it1) = —k - ( (5.34)

lseg

To once again obtain a linear heat flow density we multiply with the wire cross section
Ags and then divide by the segment length s yielding

A T, 1—1T; Tiv1—T;) A
fconductioni = (Qnet; * = = _k(Tz) : ( il Z) +( ot Z) peias.

lseg l lseg ’

where we also allow for a temperature dependent heat conductivity k(T;)'!.

"Eor our main material of interest, Tungsten, we calculate k(T) by interpolating data found here:
https://www.efunda.com/materials/elements/TC_Table.cfm?Element_ID=W.
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For terminal wire segments at either end, the same equation is used. Except that,
for indices outside of the range of the wire itself we let the wire detector board act as
an infinite heat bath at Ty = Ty, +1 = Thoara- We generally set Thoarg = 20°C as an
approximation of the chamber temperature.

5.3.6 Radiative cooling

Whenever the wire is warmer than the surrounding vacuum chamber it loses heat to
radiation. Here we once again start form the gray body Stefan-Boltzmann law (Eq.
(5.26)), which we multiply with the circumference of the wire to get the linear heat flow
density

frad,loss =T dyire - M =T - dywire -0 - € - 1_'147 (536)

where dyire is the diameter of the wire, o is the Stephan-Boltzmann-constant and &
is the emissivity of the wire surface.

If we want the net heat flow due to radiation on the wire surface, we must subtract
out background thermal radiation from the vacuum chamber. If we simplify to treating
the vacuum chamber as a blackbody radiator at temperature T¢hamper We can calculate
the net radiative losses as

frad = T dyire -0 - € - (T} — T ), (5.37)

chamber

where now the wire does not keep losing energy if it is in thermal equilibrium the vacuum
chamber.

The emissivity € of the wire surface is generally not precisely known from literature,
and the value therefore would have to be tuned using a calibration scheme if accuracy was
desired. As default it is generally set to € = 0.2 as a rough approximation of unpolished
gold.

5.3.7 Free molecular heat transfer with residual background gas in the
vacuum chamber

While the wire detector generally operates in very low pressure environments, there can
nevertheless be non-negligible heat loss to the residual gas in the source chamber. The
exact pressure varies with the amount of flow through the source and the strength of the
pumping. In our setup even at maximum flow (20 sccm) pressure in the source chamber is
no more than 5 x 10~% mbar, which equates to a mean free path for hydrogen of ~ 20 cm,
larger than the internal dimensions of the source chamber (roughly a cube with 15cm
side length). This means that residual pressures are comfortably in the free molecular
flow regime for any lower flows.

We therefore use an equation for the free molecular heat transfer'? to model the heat
trasfered between the wire and the vacuum chamber by the gas in the chamber. The
heat flux density ([W/m?]) at the surface of the wire is given by

q(x) =G p- Fy Fyire—chamber * (Tchamber - T($)) (538)

where G is the "G factor” that will be calculated below, p is the absolute pressure in
the source chamber, F, is the accommodation coefficient factor, Fyire—chamber 1S the view
factor from surface of the wire to surface of the chamber, Tthamber is the temperature of
the chamber and T is the temperature of the wire at position x.

2hased on https://tfaws.nasa.gov/TFAWSO7/Proceedings/TFAWS07-1013. pdf
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The accommodation coefficient factor is given by

Fa:1/<a1 4 _Avire [ ! —1D. (5.39)

Buire  Achamber | OEamper

where the ag’s are the accommodation coefficients for the respective surface and the A’s
are the areas of the respective surfaces. Since Ayire < Achamber this reduces to

Fo=ag,. (5.40)

in our case.
We can also reduce the view factor to Fiire—chamber = 1 since the wire is fully enclosed
by the chamber (and the hot parts in the field of view are separately accounted for by

fob)-
Finally the G factor is given by

- \/ uZi (5.41)

Y= 1 8m-m - Tchamber

where v = g—“; is the ratio of the specific heats, kp is the Boltzmann constant and m is
the mass of the hydrogen molecule.
Applying all this to Eq. (5.38) we obtain

1 kg (T(x) — T, 2
o@) = p- g, - -t (18 () = Tohaner)” (5.42)
V8m(y—1)\ m Tehamber
which we have to multiply with the wire circumference 7 - dwire to obtain
v+1 kp (E - Tchamber)2
= Tdwire " P - Q... - — 5.43
fbkgd,gas wire * P FEyire \/877'('(’7 _ 1) \/m Tchamber ( )

m Tehamber

k E - T mber 2
~ 3\/§dwire P COFE e \/B( chambe ) ) (544)

where the second line results from applying the standard diatomic approximation of
~ = 7/5 which is appropriate for hydrogen at T' ~ 300K and is therefore used for all our
simulations presented in this work.

It should be noted, that the simplifications we made effectively amount to treating
background gas in the chamber as having the temperature of the chamber whenever
it hits the wire. The only exception is the direct line of sight beam treated separately
as fheam gas- Lhis assumes gas injected into the chamber by the beam accommodates
quickly to the chambers temperature, such that back scattering effects are negligible.

The model for fykgd gas retains one free parameter ax which is in principle dependent
on surface and gas properties as well as the temperature and is therefore not well known
a priori and would need to be separately measured. For simulations presented in this
work it is generally set to 1. This is the maximum physical value, and is therefore a
pessimistic estimation of this nuisance heat flow.

5.3.8 Radioactive heat from tritium decay

With a tritium rather than a protium source we might additionally consider heating on
the wire due to radioactive decay of adhered atoms. As no tritium experiments were
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conducted for this thesis we can ignore this contribution going forward. Nevertheless we
will present a brief order of magnitude estimate of the effect.
The total energy released in the radioactive decay of a collection of tritium atoms is

dN
Pdecay = QA : %

:=QA-NVE£Q (5.45)
t1/2

where Q) 4 ~ 18.6 keV is the atomic mass difference of the tritium decay and % is the
decay rate for a number of tritium atoms NN with half life ¢; /5 = 12.33 years.

In order to forego a lengthy and dubious attempt to estimate the number of tritium
atoms that might adhere to the wire at any one time, for this estimate we will assume an
approximate worst case of a saturation of the wire with one tritium atom per tungsten
atom in the entire wire.

This number is easy to calculate

dwi 2
NT:NW:W-( m>.mm-m” (5.46)
2 mw

with pyr =19.3 x 103 kg/m? the density of tungsten and my; =183.84 u the atomic mass
of tungsten.

Substituting all these values into Eq. (5.45) we obtain Pjecay ~ 132 nW. For
comparison, we will later present measurements of heating due to recombination Pe. of
approximately 1 W for a real beam of intermediate intensity (1sccm). Given that we
have likely dramatically overestimated the number of tritium atoms that remain adhered
to the wire we can be sure that decay heating would not overwhelm our signal. Using
realistic values would likely make it a negligible source of heating. Since we do not use
tritium during this thesis we can certainly safely neglect it moving forward in this work.

5.3.9 Representative example simulation

For a sense of the relative sizes of the effects impacting the wire temperature, we
simulate a typical beam and show, in Figure 5.4, the heat flows described in the previous
sections after equilibrium has been reached for typical settings for gas flow (1 sccm) and
HABS temperature (2200 K). Most important to note is, that both the fo and fp, are
significantly larger than the heat sources frec and fheam gas caused by a typical beam.
This means that both must be well stabilized to be able to see the beam signal among
small fluctuations in larger effects.

Fluctuations in f. are minimized by using a highly stable power supply 2, capable
of stabilizing the 1 mA measurement current running across the wire to better than
1079 relative fluctuations. To minimize fluctuations in fi,;, the HABS is operated on a
PID-controlled loop stabilizing the readout of an internal thermocouple in close proximity
to the HABS capillary.

However, it has not been feasible to model all effects impacting the wire with sufficient
precision to formulate a relationship for extracting beam heating power from wire
resistance directly. In part this is due to the great number of material and surface
properties that enter into the model, many of which are only available with insufficient
precision. Even the ostensibly simple calculation of the wire’s baseline resistance at room

13Keithley SourceMeter 2400
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Figure 5.4: Comparison of the scale of the various simulated heat flow components at the time of
equilibrium over the extent of the wire. Sources which transfer heat into the wire are plotted
with solid lines, while sinks that remove heat from the wire are drawn in dashed lines. Note that
the heat sinks are subtracted in Eq. (5.10), and therefore cancel out a heat source of equal size in
this plot. The hydrogen beam selected for this simulation contains 1 sccm of molecular hydrogen
at 2200 K with a 10% dissociation rate into hydrogen atoms. The beam width is chosen to be
consistent with beams at this flow rate as will be measured later in this thesis.

temperature turns out to be problematic, because the manufacturer only guarantees the
diameter of the wire to a 10% precision. This is further complicated because a gold-
coated tungsten wire is used, where the exact impact of the coating on wire resistance is
difficult to model with great confidence. Exact measurements of the sticking fractions
and accommodation coefficients for ficam gas and frec are very challenging to determine
with sufficient precision [42]. Additionally, changes in chamber temperature not modeled
here also cause changes in wire resistance larger than that of the expected signal.
Ultimately, this simulation is used to inform the design of the detector and the
interpretation of the data but not to directly derive a beam signal from wire resistance.
Instead an indirect extraction of the signal (Section 8.2) is used along with a calibration
scheme (Section 7.3) for correlation of wire resistance to incident power measured.

5.4 Consistency check

In the interest of usability we aim to keep simulation runtime as short as possible. To this
end the length of simulated time is kept as short as possible, and the resolution in time
and wire length are kept as coarse as they can be without impacting simulation results.
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In this section we will show, as a consistency check, that the simulation converges as
these parameters are increased, and that the choice of simulated time, time step length
and length of wire segments we choose for further use are produce results sufficiently
close to the converged result.

5.4.1 Length of simulated time

We check the convergence of the simulation to a new equilibrium by tracking the resistance
for every timestep of the same simulation as shown in Figure 5.3. In that example the
wire is simulated for a total of 20 seconds. The evolution of the wire resistance in the
first 10 seconds is shown in Figure 5.5. The wire monotonously approaches the new
equilibrium state, with convergence to better than 1 part in 10? in total resistance change
achieved within 10 seconds. The remaining resistance change AR forms a straight line
on the log-linear plot, indicating an exponential equilibration process typical for thermal
processes. The intersect times indicated in Figure 5.5 list the time to reach 1 —e™! ~ 63%
and 1 — e~? & 95% equilibration. The required times therefore correspond to one and
three times the equilibration time constant respectively. These yield a time constant of
0.475s and 0.474s respectively. The fact that these are compatible to within 2 parts per
thousand shows that the exponential function describes the process reasonably well.

We conclude that the simulation converges, and that 10 seconds of simulated time is
sufficient to reach equilibrium within the tolerance required.
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Figure 5.5: Resistance of the simulated wire over time after a 1 mA current is applied to tungsten
wire 20 mm long and 5 pm in diameter. The 1 —e~! ~ 63% and 1 —e~3 ~ 95% equilibration levels
are indicated along with the time when they are reached. In the lower subplot the remaining
resistance change to full equilibrium is plotted logarithmically.

5.4.2 Length of wire segments

We check that sufficient spacial resolution is used, by running the same simulation of a
20mm log wire divided into progressively more and smaller segments. We calculate the
resistance change AR for all these wires after a 1 mA current was applied for a simulated
time of 20s. We then calculate the difference in resistance change for a given segment
length lsee with the limit of AR for an infinitesimal lseg.

AR(lseg) — 1im AR(lgeg) (5.47)

seg—0

As we cannot actually simulate infinitely many wire segments, we use a minimal segment
length of lseg = 20pum as our approximate limit.

As Figure 5.6 shows, this approach is justified, as the deviation from the approximate
limit shows a clear converging trend with lower lss. We plot a trend function scaling
with lgeg to illustrate that the deviation is well described by such a function and can
therefore be expected to converge as lsez approaches 0.

Running the simulation with smaller /se also requires the simulation to be run with
smaller time step sizes, to keep it from crashing when some wire segments receive enough
heat per time step to cause their temperature value to overflow. This means a larger
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Figure 5.6: Deviation of AR from the converged value for infinitesimally small lscs. The deviation
increases with larger /s, scaling approximately with the square of /gg.

number of time steps must be calculated to reach the same total simulation time. In the
case of 1000 wire segments of lsee = 20 um each, this requires a time step size of less than
3 us resulting in a total of 7.2 million steps run to reach the 20s simulation time target,
which resulted in a runtime of 50 minutes on modest hardware.

The decision was therefore taken to run simulations presented in this work at one
tenth of that spatial resolution, where runtime is reduced to essentially equivalent to
simulation time at about 30s. As shown in Figure 5.6 a reduction in resolution to
lseg = 200 pm incurs a penalty in accuracy of AR of a factor of less than 1073, This is
deemed acceptable for the purposes for which we use the simulation in this work, and is
required for making simulation time tractable for parameter searches.

Decreasing the time step size lower than required to prevent the simulation from
crashing changes AR by no more than a factor of 1072 and is therefore not done. For
lseg = 200 pm the time step size is chosen at 250 us.

5.5 Design parameter studies

We can use the simulation to vary design parameters to optimize the performance of
the wire detector while minimizing slow iterations of hardware. In the following sections
we present parameter searches for optimal wire length, thickness, operating current and
material.
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5.5.1 Wire length

An unavoidable design choice is the length of the calorimeter wire. The dominating
consideration is of course to build a detector that can actually be built and fits into
the space available within setup where the measurement is to take place. Indeed, in all
examples of the Design iterations presented in Section 6 the length of the wire is driven
by the desire to fit the entire detector assembly through the 35 mm wide opening in a
CF 40 vacuum flange.

To build a functioning detector it is also desirable to maximize the signal AR measur-
able for a given amount of heating power. As the absolute precision of most methods for
Voltage, Current or resistance measurements scale with the size of the measured value, it
is above all desirable to maximize the size of the relative signal AR/ Ripita. In particular
for the multimeter we ultimately use for most of the measurements in this thesis the
precision of a voltage measurement in the relevant 100 mV range is at best 30 ppm of
the value + 30 ppm of the range!'?.

The length of the wire or more precisely the ratio of length to cross sectional area is
important to the wire calorimeters performance, since any change in temperature on the
wire is suppressed by thermal conduction along the wire. As specified in Eq. (5.35), the
magnitude of heat conduction depends on the cross sectional area of the wire as well as
the steepness of the temperature gradient. A longer wire can have shallower temperature
gradients for the same change in wire temperature. We may therefore expect longer
wires to be able to insulate heat deposited on them more effectively, leading to higher
measurable resistance changes for the same input heat.

To get a numerical idea of the impact of wire length we simulate the effect of applying
a set amount of power to a wire as a function of wire length. Figure 5.7 shows the
simulated AR over a range of wire lengths when a 1 uW power is applied to the standard
5 pm thick tungsten wire. Two versions of the simulated results are displayed: One in
which the entire heating power is applied to a single wire segment in the center and one
in which the same power is evenly spread along the wire.

The signal AR initially rises steeply with wire length but the effect diminishes above
a few centimeters of length for thee chosen wire thickness. Centrally concentrated heating
causes a larger change in wire resistance for the same heating power. This can be
understood as the effect of thermal conduction along the wire, where heating applied
close to the wire ends can more easily be conducted out of the wire, requiring a lower
temperature change in the wire.

As previously mentioned, the larger initial resistance of a longer wire can mean that
even a larger AR cannot necessarily be measured with higher resolution by a multimeter
whose tolerance scales with size of the measured resistance. We therefore also present
the relative signal AR/ Ripitia in Figure 5.8. This shows a maximum between 3 to 4 cm
wire length. This maximum can move around depending on the exact parameters chosen
for the simulated wire. The simulation presented here is set to be a good representation
for the wires we will use for measurements presented later and 1 uW of heating is within
the typical range of signals we actually measure. The wires we used for the detectors
described in Section 6 are between 2 and 3 cm in length and therefore not far away from
the maximum in relative signal.

The results change somewhat when we take a look at the case of wide beams, where
the total energy received increases with wire length, since a larger area of wire is exposed
to the beam. For illustration a hypothetical top hat shaped pure atomic H beam with

We used a Keysight Truevolt 34461A, Datasheet: https://www.keysight.com/us/en/assets/
7018-03846/data-sheets/5991-1983.pdf
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Figure 5.7: Resistance change AR in simulated wires before and after 1 W is applied to them.
In the blue simulation the power is applied entirely to the central wire segment. In the orange
the same total power is spread evenly along the wire.
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Figure 5.8: Simulated relative signal for a 1 uW heat load applied either centrally or spread over
the wire. In wither case there is a maximum below 4 cm of wire length.
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Figure 5.9: Simulated relative signal for wires illuminated with beams of uniform density of
106 atoms/ (CIHQS). The 10 cm beam always fully illuminates the wire within the range presented
and provides total power increasing linearly with wire length. The thinner 1.6 cm does not fully
illuminate the wire, and delivers a constant total power to wires longer than the beam diameter.

a uniform density of 1016 atoms/(cm?s) inside the circular beamspot and 0 outside is
simulated impinging on the wire. Figure 5.9 shows the resulting relative signal for 2
beams that differ only in width, one 10 cm in diameter and one 1.6 cm. As long as both
beams fully illuminate the wire their effect is equivalent as expected. However as the
wire becomes longer than the shorter beam is wide, parts of the wire are no longer
receiving additional heating. For about another centimeter of wire length the relative
signal continues to increase despite constant total heating, because the more centrally
concentrated heating is more effective per unit power and the longer wire is better at
insulating its center. This matches up with the same effects seen in Figure 5.8. In the
simulated example, beyond 3 cm in length the wire heated by the ”"thin” 1.6 cm beam
starts showing a decreasing relative signal with wire length, while the fully illuminated
wire exhibits a monotonously increasing relative signal within the range of simulated
wire lengths.

Even in this essentially best case scenario for a longer wire where every increase in
length also increases power delivered linearly, the relative signal for the fully illuminated
wire only increases very slowly above 4 cm of wire length.

The same relative signal analysis for a realistic scenario using frec as described by
Equation (5.18) for HABS-like beams (Section 4.1) is shown in Figure 5.10. We select a
beam of 1 x 10'7 atoms/s and beam shape parameter l.g = 4. This roughly corresponds
to a beam that is created by passing 1sccm of Hy through the source with a dissociation
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fraction of &~ 10%. This is approximately the type of beam that is actually measured in
Section 8.4.1. The centrally concentrated nature of the simulated HABS beam, means
that it too produces a maximum in relative signal for relatively short wire lengths, in
this case around 5 cm.

0.010 4

0.008 A

0.006 A

0.004 4

Relative Signal AR/ Rinitial

0.002 1
Beam Parameters
&, = 10"atoms/s,
0.000 lest = 4
0 2 4 6 8 10 12 14

Wire Length [cm]

Figure 5.10: Simulated relative signal for wires illuminated with a realistic beam containing
1 x 10'7 atoms/s. See Figure 4.5a for a reference of the beam shape with leg = 4. This beam
approximates a real beam at a flow rate of 1sccm of Hy and Tyaps = 2200 K.

We can conclude, that the choices we made to keep the wire length between 2 to
3 cm due to space restrictions are also not too far off optimal wire lengths in terms of
relative signal. Any shorter wires would start to suffer strong penalties in signal due to
more efficient thermal conduction. Any gains of longer wires would be marginal, and
unlikely to be worth the trade offs they would require for construction. We caution, that
the values for optimal wire length may change when other wire parameters, are changed,
especially for changes in wire thickness.

5.5.2 Wire thickness

To determine the effect of wire thickness on the resistance change signal, we simulate
the effect of a constant density atomic hydrogen beam of various magnitudes on wires
with varying wire diameters dyire. The resulting relative signal for a beam with constant
density of 106 atoms/(cm?s) over the entire wire is shown in Figure 5.11.
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Figure 5.11: Relative Signal for a beam of uniform density of 1016 atoms/(cm’s) for various wire
diameters. A const./dyire trend line is plotted to illustrate the behavior for large wire diameters,
with the constant fitted to the largest diameter simulation. At small wire diameters the relative
signal flattens out, indicating a diminishing return for further decreasing wire diameters below
10 pm.

For large wire diameters (210 pum), the heat transfer along the wire is dominated by
thermal conduction (see feong Eq. (5.35)). This effect scales with the cross sectional area
of the wire, and is therefore proportional to dgv-lre. A thicker wire also receives more power
from a uniform density beam, scaling with the wires projected area from the point of
view of the wire (see frec Eq. (5.18)). This extra power compensates one of the factors of
dwire from the more efficient conductive heat transfer. The result is, that the temperature
difference - and therefore the relative signal AR/ Ripitial - scales with 1/dyire for large
wire diameters, as indicated by the trend line plotted in Figure 5.11.

For small wire diameters (<10 pm), Figure 5.11 shows that the scaling of relative
signal with wire diameter begins to flatten out. For these very thin wires, the contribution
of radiative cooling (see frqq Eq. (5.37)) becomes significant and eventually dominant,
even for small temperature changes. This is because f;.q scales only with the outside of
the wire and therefore with the circumference of the wire, while f.,nq scales with the
cross sectional area. The circumference is of course proportional to dywire. The quadratic
scaling in dy;ire means that as f.ong shrinks much more rapidly with smaller dy; than the
linearly scaling f;.q. Eventually, for very small wire diameters or very high temperatures,
when f;,q becomes the dominant cooling mechanism, the relative signal remains constant
with dyire. Both the projected wire area, relevant for the power received form the uniform
density beam, and the wires surface area, relevant for radiating away the heat, scale
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equally with dyie and they compensate each other. For a comparison of the effect sizes
the simulated heat flows for a 0.6 pum and 10 pm are plotted in Figure 5.12.
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Figure 5.12: Heat flows in wires of different thicknesses for the same uniform beam intensity of
10* atoms/ (cm2s). Sources which transfer heat into the wire are plotted with solid lines, while
sinks that remove heat from the wire are drawn in dashed lines. Note that the heat sinks are
subtracted in Eq. (5.10), and therefore cancel out a heat source of equal size in this plot. For the
thin 0.6 um wire on the left, radiative heat losses(f;aq) are of approximately equal importance
as conductive heat losses (feond), while for the thicker 10 um wire fy.q is just starting to be a
non-negligible fraction of heat losses. fe1 fob and fokgd gas are both set to 0 in this simulation for

simplicity.

Additionally in Figure 5.13 we plot the relative signal size for a range of wire
thicknesses and beam intensities. This shows that for a sufficiently intense beam the
relative effect sizes for all beams flatten out and converge. This is because a heat source
(not necessarily the beam itself but perhaps fup, or fe) can cause the wire temperatures
to rise high enough that even for comparatively thick wires, f;,q becomes dominant due
to its oc T* scaling. At that point both the dominant heat loss mechanism (radiation)
and the heat signal (recombination) scale equally with the surface area of the wire such
that all wires behave similarly. The reduction in slope of the relative signal for wires in
the radiation dominated regime is one reason why operating the wires at temperatures
> 500K is not generally useful.

For the laboratory measurements presented in this thesis, we chose to use 5 um thick
wire, as this was the minimum thickness of tungsten wire that was readily available for
purchase. We have found offers for wires down to a thickness of 0.6 ym in platinum, but
given the diminishing returns in relative signal with wire diameter we do not think it
is necessary to pursue even thinner wires for a gain of perhaps a factor of 3 in relative
signal. The potential effects of an accompanying change in material are discussed in

Section 5.5.3 below.

Constructing detectors from very thin wires becomes progressively more difficult with
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Figure 5.13: Simulated relative signal size plotted as a function of the beam intensity for a
uniform density beam for wires of varying diameter. For low intensity beams and therefore
low temperature wires, signal size increases linearly with beam intensity as expected. At high
operating temperatures (Tovg as defined in Eq. (7.2)) the linearity breaks and all wires converge
to an equal and shallower relative signal size increase. Thinner wires show generally higher
relative signal, but the effect is much reduced at high operating temperatures.

decreasing wire thickness. The wires become increasingly difficult to see, and even more
crucially, they become very easy to destroy by accident since the tensile strength decreases
with 1/ d?mre. Using thinner wires may be possible but only with more sophisticated
manufacturing methods and therefore cost. The cost factor is compounded, as thinner
wires are also significantly more expensive, costing upwards of 1000€ for a single meter
of 0.6 um platinum wire.

If detectors with significantly shorter wire lengths than 2 cm are desired, then it may
be required to overcome these challenges and go to thinner wires, to ensure conductive

heat losses do not overly reduce the signal as shown in Figure 5.8.
5.5.3 Alternate wire material platinum as a case study for the calorimetric
efficiency of the detector

For the investigation presented in this thesis, both simulation and laboratory measure-
ments, we have used gold coated tungsten wire (W/Au) wire unless otherwise indicated.
It has been suggested, that platinum (Pt) wires may also be a good or better candidate
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for this work. This has been argued on the grounds of platinum’s catalytic properties,
which are hoped to result in high recombination rates.

For illustration of what I ultimately deem to be at least a partial misconception I
will recount the content of 3 sources as they relate to the calorimetric efficiency of the
wire detector:

Recall from Section 5.3.1 that we define the calorimetric efficiency for recombination
of atoms on a given surface as the fraction of the total available chemical energy in
form of the difference in binding energy between atomic and molecular hydrogen that is
ultimately transferred to the wire as heat. This fraction which we will call 7., can be
divided into multiplicative factors based describing sub-steps of the process. One possible
division is

Tlrec = O 7S Brec (5.48)

where o the likelihood of an atom, which hits the surface to stick to it, g the likelihood
of an atom adhered to the surface to recombine into Hy, and S, is the fraction of the
recombination energy that is deposited into the wire (rather than being carried away by
the Hg)

Livshits et al. [44] claims that for sufficiently clean platinum ~g ~ 1, and that this
applies for many other metals independent of temperature so long as they are sufficiently
clean. Livshits cites [45] for this claim. This is a PhD thesis I don’t have access to and
therefore cannot further evaluate. He claims, that other experiments report g to be
between 0.05 and 0.3 because their surfaces were ”insufficiently cleaned”. As we can
neither replicate their cleaning procedure, since we cannot access a description of them,
nor verify their claims, we have to assume our surface will be ”insufficiently cleaned” and
therefore we expect e to be smaller than 0.3, potentially significantly smaller. Livshits
additionally assumes ay = 0.2 when evaluating data presented in the source. As this
paper deals primarily with the net dissociation of Hs this paper does not include any
assumptions, measurements or references for Sy, since this parameter is only relevant for
calorimetry based on recombination.

Nevertheless, Ugur et al [4] argues based on Livshits that their platinum calorimeter
can be treated as having a ”"recombination coefficient” yyg, = 1 due to being degassed
before use. They further effectively subsume all the sub-step parameters into yygur such
that Yugur = Nrec as defined above (though they do not state this explicitly). We point
this out, because it is fairly common practice in literature on atomic hydrogen calorimetry
to implicitly simplify n,e. by setting it to 1 to obtain "measurements” of absolute H
flux densities. While we do use this simplification for the wire simulations presented, we
deem this an unrealistic simplification, which is why we will not present absolute flux
measurements based on this simplification except as lower limits.

With differing symbol convention, Melin et al. [42,46] presents measurements of the
components of 1, = ' - g where effectively 7/ = ag - v5. We reproduce their Table 1
measurements for various metals in our Table 2. While the values presented therein show
very significant uncertainties, it seems clearly evident, that the product 7. relevant for
calorimetry of H recombination is far below 1 for any metal that was tested.

Based on Table 2 we cannot expect tungsten or platinum to have higher 7., than
the gold coated tungsten wires we use. Of course, as these are surface based parameters,
different surface treatment may indeed result in different values. Livshits [44] suggests
properly treating platinum may result in improved 7,¢.. Indeed platinum exists in
untreated form with a thin surface layer of PtOs which may be removable by heating to
beyond 500 °C in vacuum [47,48]. But unless we can confirm a consistent way to prepare
the surface to increase 7., the assumption of such an improvement seems unwarranted
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at present.

Metal ’7/ = Qg s B = Brec
Ag 0.05£0.02 | 0.87+0.3
Au 0.03£0.02 | 0.65+£0.2
Co 0.13£0.05 | 0.28+0.1
Cu 0.09+0.04 | 0.43£0.15
Fe 0.10+0.04 | 0.08 £0.04
Ni 0.10£0.04 | 0.11£0.05
Pt 0.06 £0.03 | 0.15£0.05
W 0.08 £0.03 | 0.20 £0.08

Table 2: Hydrogen recombination parameters by surface material reproduced from Table 1 in
Melin et al. [43]. According to this data one would not expect nye. & 1 for any of these materials,
and indeed would expect a higher calorimetric efficiency for both gold and tungsten than for
platinum.

While it may be worth investigating thorough and standardized surface cleaning
methods, we do not expect a change to platinum wires alone to make a simplification
to Mree = 1 reasonable when reporting measured absolute atomic flux densities. Unless
robust methods for measuring 7., in-situ were to become available, we must treat it as a
free parameter in our modeling. If absolute H flux were known from another measurement,
a thusly calibrated beam could be used to measure 7,.. (See Section 8.6), but this was
not the case for results presented in this thesis.

While we cannot make definitive statements on the surface characteristics of platinum
wires compared to gold coated tungsten, we can simulate the calorimetric properties of
the wire that result from the bulk characteristics. The values used for comparing the
simulations are listed in Table 3. Note that the surface characteristics 7,.. and € are
deliberately set to equal values, that are not necessarily accurate for either material.

Symbol ‘ Name ‘ W% ‘ Pt ‘ Unit
PR Specific resistance 0.052 x 1075 | 0.1058 x 10~® | Qm/m?
a Temperature coefficient of 4.9 x 1073 3.92 x 1073 1/K

resistivity (at 20°C)

K Thermal conductivity (at 20 °C) 174 71.6 Km/W
Cy specific heat capacity 133 133 J/(kgK)
p density 19300 21 450 kg/m3
€ Emissivity 0.3 0.3 1]
Nrec Recombination energy yield 1 1 1]

Melting Point 3695 21414 K
Tensile Strength 550 to 1920 125 to 300 MPa

Table 3: Material properties used in the simulations. Melting point is not used during the
simulation, but shows that both wire materials are easily capable of larger temperature operating
windows than required. Note that the surface characteristics 7,.. and ¢ are deliberately set
to equal values, that are not necessarily accurate for either material.

The resulting simulated relative signal for platinum and tungsten wires of varying thick-
ness both exposed to the same atomic H beam of uniform flux density 10'¢ atoms/(cm?s)
is shown in Figure 5.14. As previously shown in Figure 5.11, we see that when heat
flow is dominated by thermal conduction at large wire diameters both wires exhibit
relative signals scaling with 1/dyie. In this regime the relative signal of a Pt wire is
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about a factor of 2 larger than for W. This is chiefly due to the much lower thermal
conductivity of Pt listed in Table 3. When transitioning to very thin wires where thermal
radiation dominates, the relative signals approach each other and eventually W has a
slightly higher relative signal. This is because we used the same surface emissivity e for
both wires, and therefore they have the same thermal emission behavior in our model.
Once both wires behave essentially equally thermally, the slightly higher temperature
coefficient of resistivity of tungsten causes it to produce a slightly higher relative signal.

In all wire diameters, platinum will have a higher absolute signal AR due to its
specific resistance, which is about twice the size as that of tungsten. From the point
of view of manufacturing the detector, we caution that the tensile strength of platinum
is only about one quarter that of tungsten. Therefore, for equal ease of assembly, a
platinum wire would have to be about twice as thick as the tungsten wire. This matters
for manual assembly, as breaking tungsten wires at 5 um thickness is very common. For
sufficiently advanced manufacturing, this may not be a large problem beyond additional
cost.
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Figure 5.14: Simulated relative signal for wires of either tungsten or platinum of diameter, both
illuminated with a uniform density beam of 106 atoms/(cm’s). Surface characteristics are set
to be equal for both wires and only bulk properties are different (see Table 3). The platinum
wire produces larger relative signals at large wire diameters by about a factor 2, with the gap
narrowing below 10 ym wire thickness.

Overall, use of monolithic platinum wires rather than gold coated tungsten wires may
result in perhaps a factor of 2 in calorimetric efficiency based on purely the bulk properties
of the material. In terms of surface characteristics, it is much harder to be certain. Work
by Melin [43] suggests platinum would be less well suited than a gold surface, while
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Livshits [44] claims properly treated platinum may be as much as 10 times as effective.
In any case if surface properties alone are the goal, it is also possible to acquire platinum
plated tungsten wires'®. The question of optimal wire material is ultimately not resolved
in this thesis. Work presented here will feature gold-coated tungsten wires primarily, and
we will show that they are serviceable if perhaps not necessarily optimal.

5.6 Wire sensitivity

As we already saw in simulations presented in Section 5.5.1, the effect of heating power on
wire resistance depends on where along the wire the power is applied. This is primarily
due to the thermal insulation properties of the thin wire. For centrally located parts
of the wire, the distance to the attachment points is maximized. This means that heat
deposited here is less effectively conducted out of the wire, leading to a larger heating in
place and in turn a larger change in wire resistance. In this section, we will quantify this
effect by simulating a point heat source at all points along the wire and comparing the
relative effect on wire resistance.

A test heating power can be applied to an arbitrary point of a simulated wire in
thermal equilibrium. By calculating the total resistance of the wire with and without
the test point source, the change in resistance due to the test source is determined. The
position at which the test source is applied is then shifted along the wire, until a sample
is generated at every segment of the simulated wire. This allows for determining the
relative effect of a heating power based on the location at which it is applied to the wire.
The absolute size of the simulated AR signal is deemed unreliable at worse than 10%
accuracy, however the relative effect size should be much better than that.

In practice, a simulated 1 W point source is applied along the wire and AR induced
in the wire resistance is recorded. The values of AR are then normalized by the average
value ARy, yielding the relative wire sensitivity'

77w1re(xz) = m (549)

with z; the position of the wire of segment 7 at which the simulated point heat source is
applied.

Sensitivity is highest in the center of the wire with steepening decline to the ends of
the wire. The change in local wire sensitivity is caused by the fact that the temperature
profile is curved leading to places where (primarily) thermal conduction is more or less
effective at carrying extra heat out of the wire. Figure 5.15 shows the value of the relative
wire sensitivity along the wire.

When using the wire this means that the part of the beam hitting the center of the
wire has a disproportionate effect. This is accounted for by interpolating over the 7yire(;)
of each segment and including the resulting function 7y () in the signal model given in
Eq. (8.5).

The exact shape of the simulated wire sensitivity depends on the temperature dis-
tribution along the wire. For small amounts of heating the wire sensitivity is nearly
parabolic in shape. For large amounts of heating 2 100uW from any source, the wire
temperature profile begins to flatten in the center as thermal radiation cooling (frqq)
becomes a more important contribution. This similarly affects the wire sensitivity profile.

The investigation into wire sensitivity distribution including attempts to measure it
in situ, using a laser as a point heat source, rather than simulating it is covered in far

15For example from goodfellow.com
16Note that the wire sensitivity Nwire is not the same as the calorimetric efficiency 7.ec they are separate
factors which both influence the reported recombination signal multiplicatively.
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Figure 5.15: Normalized local wire sensitivity 7. A larger n indicates a larger resistance
change for a given change in input power. Sensitivity is highest in the center of the wire with
steepening decline to the ends of the wire.

greater detail in the bachelor thesis of Darius Fenner [49]. For the work presented in this
thesis, we use the simulated wire sensitivity unless otherwise specified.
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6 Design Iterations

This section will chronicle the history of changes made to the wire detector design. It
serves a as a reference for other sections such that it can be specified which data was
taken with which version of the detector.

6.1 First realization (V1 Prototype)

The first prototype of the wire detector is pictured in Figure 6.1. It will be referred to as
the Version 1 (V1) Wire detector when mentioned later in this document.

This prototype was realized by designing a simple PCB to hold the wire. Two 0.2 mm
plated vias in the front of the board serve as solder spots to mount the wire. It was
originally envisioned to thread the wire through the vias and to tension them by pulling
from below. This was found to be infeasible and so the wire was simply laid across the
vias and soldered to them. The solder connection therefore serves as both electrical and
mechanical connection.

There is a large cutout in the PCB, separating the two wire mounting vias such that
the wire is hanging freely. This is where the Hydrogen beam will pass through, and it also
means the wire is hanging freely and not losing heat to the surrounding by conduction,
except where it is attached to the board.

Each of the mounting points is connected with a trace to two 3 mm plated vias that
act as current supply and voltage drop readout terminals. Figure 6.1 shows the assembled
board with readout leads attached with ring terminals and the wire soldered in place.

Figure 6.1: Version 1 of the assembled wire detector is pictured on the left. On the right the
board schematic is displayed for clarification. The wire is soldered to the plated vias at the top
of the board, such that it spans the cutout in the PCB. The length of the wire on this board is
27mm. At the bottom of the board ring terminals are used to attach the wire leads for current
supply and voltage measurement.
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In this version of the detector the wire is 5 pm thick and made of gold plated tungsten
wire the gap between the mounting points and therefore the wire length is 2.7 cm. There
is an additional 1.5 mm of PCB on each side of the mounting points leading to a free
hanging wire length of 2.5 cm.

6.2 V2 outside via mounting

Version 2 of the wire detector pictured in Figure 6.2 differs from Version 1 only in
features meant to facilitate easier assembly. As the wire is very difficult to see in lighting
conditions and zoom that show the board well, the wire is additionally shown in a closeup
in Figure 6.3.

Figure 6.2: Version 2 of the assembled wire detector is pictured on the left. On the right the
board schematic is displayed for clarification. The wire is soldered to the half open vias at the
top of the board, such that it spans the cutout in the PCB. The length of the wire on this board
is 29mm. At the bottom of the board ring terminals are used to attach the wire leads for current
supply and voltage measurement.

The vias for mounting the wire have been enlarged to 1 mm diameter and moved to
the edges of the board. During production half the via is cut off leaving a conductive half
cylinder for attaching the wire. This allows for laying the wire across both (half-)vias,
and then weighting both ends with small tabs of tape. The indent formed by the open
sided via then keeps the wire from sliding longitudinally along the board during assembly.
Additionally, the weight of the tabs adds a small tension force keeping the wire as straight
as possible during assembly. Moving the vias to the edge of the board has the additional
effect, of slightly lengthening the wire to to 29mm and increasing the overlap with the
PCB to 2.5 mm on either side.
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The second change made to V2 is a lengthening of back end of the board to add
4 more 3mm mounting holes that are further away from the electrical terminals. This
is required when attaching more substantial holding structures. In previous stages of
testing the exact position of the board was not yet important so the PCB was simply
held up by the AWG size 20 wires attached to the electrical terminals.

Figure 6.3: Closeup of the wire soldered to Version 2 of the wire detector board. There is about
2.5 mm of overlap of the wire with the PCB on either side.

6.3 V3 Multiple parallel wires
Version 3 of the Wire detector board is pictured in Figure 6.4.

Wires

Figure 6.4: On the left is an image of Version 3 of the wire detector. This board has 3 sets of
wire mounting pints and readout terminals. 2 of these readout terminals are pictured connected
to ring terminals with wires running to the vacuum electrical feedthrough at the bottom edge of
the image. On the right is a schematic of the PCB indicating the location the wires are to be
mounted in and the way traces are run to the M3 terminals. Traces in red are run on the front
side of the board, those in blue are on the back side.

The most important change in this version of the PCB is that it allows for attaching
and reading 3 wires parallel to each other. This adds a degree of redundancy, as in the
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case of a wire breaking, the same measurement can be done on one of the others. It
also allows for checking whether separate wires act in similar ways without installing an
entirely new detector board each time a consistency check is to be performed. Where
required, the wires can also be read out simultaneously, to measure at multiple locations
in the chamber and potentially across a beam at the same time. This was also envisioned
to enable position reconstruction of a measured beam, by seeing how beam intensity
evolves with wire position. However, the same goal was ultimately accomplished by
moving the entire board by means of a z-translator.

Wires in close proximity to each other can also be used as a known radiative heat
source by running a large current through one wire and measuring the effect on nearby
wires.

In this version of the detector, the wires are soldered vias on the inside edge of the
holding structure cutout. Contrary to version 2 this means there is no longer a section of
the wire overlapping with the PCB. The length of the wires is now reduced to 25 mm all
of which is suspended freely between the solder spots.

To keep the ease of assembly gained in Version 2, cutouts are retained on the outside
edge of the board, inline with the wires. These once again allow for laying the wire across
the now instrumented cutouts, and then weighting both ends with small tabs of tape.
The cutouts then prevent the wire from sliding along the long side of the board during
soldering. The bottom outside cutout had been accidentally left as a plated via, but a
this is not connected to anything it functions the same as the simple drill holes.

Each wire is only connected via trace to has two rather than four M3 terminal
locations in this version. The electrical readout on this board has therefore been reduced
to a two-wire setup on the board to save space on the board and on the number of wires
required to run inside the vacuum. However after running the wires out through the
vacuum electrical feedthrough, a 4 wire measurement can of course be started from that
location.

Due to space constraints, one of the traces leading from the M3 terminals to the
wire attachment vias is run on the back of the PCB. This trace is colored blue in the
Schematic in Figure 6.4.

6.4 V4 Ceramic PCB

Version 4 of the wire detector is pictured in Figure 6.5. It is the final version of the wire
detector relevant to this thesis and was used for all measurements that feature atomic
hydrogen. The main differences to Version 3 are:

e A change in material from plastic to ceramic (Aluminum Nitride)
e Change from using plated vias to pads as wire mounting points
e Width of "tongs” increased to bmm

e Routing of all traces on the top of the PCB

The change in PCB material to Aluminum Nitride (AIN) ceramic was made to
increase compatibility with ultra high vacuum as is present in some sections of our setup.
Outgassing from ceramic is significantly lower than standard plastic PCB components [50],
making it a requirement, at least in those parts of our vacuum chamber near to our mass
spectrometer, where we aim to maintain pressures of ~ 10~!? mbar.

Another advantage of using a ceramic PCB is that AIN has a very high thermal
conductance of 170W /mK, as quoted by the manufacturer!”, which is roughly 1000 times

'"PCBs are manufactured by CERcuits: https://cercuits.com/aluminum-nitride-pcb/
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Figure 6.5: On the left is an image of Version 4 of the wire detector. This board is now made of
Aluminum nitride ceramic and using pads rather than plated vias as solder points for attaching
wires. 3 wires are attached and can be made out by their faint gold glint against the black
background. On the right is a schematic of the PCB indicating the location the wires are to be
mounted in and the way traces are run to the M3 terminals. All traces on this board are run on
a single side.

higher than for plastic PCBs. This makes the ceramic substrate an excellent thermal
sink for the attached wire detectors. This is desirable as we aim to do our calorimetry
with known and stable temperatures for the attachment points of the sensor wire. A
high thermal conductance guarantees that the detector board will not locally heat up
and distort the results.

The increased chemical stability of AIN may also be relevant in an environment with
significant quantities of highly reactive atomic hydrogen; however, it was not tested
whether this would have constituted a real problem if using plastic PCBs.

In this version of the detector, we move to pads rather than vias for attaching our
wires. This was changed because the initial use of plated half open vias was only used
for ease of assembly of the Version 2 detectors, where the via would serve as both the
attachment point, and the indent in board used to keep the wire from sliding during
assembly. In both version 3 and 4 there are now separate indents cut in line with the wire
mounting points to aid assembly. The larger surface area of the pads makes it slightly
simpler to solder to.

The width of the detector "tongs” has been increased to 5 mm on each side in this
version of the detector, as the manufacturer had concerns of the structural integrity of
the ceramic for widths smaller than 5 mm during production. This reduces the width of
the cutout in the PCB, and therefore the length of the wires to 20 mm. This increase
in width also allows us to route all traces on the same side of the PCB. Which is now
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important as we are using Pads which cannot be soldered to on either side of the PCB
like the vias.
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7 Beamless Wire detector measurements

In this section we will attempt to make measurements to either confirm or improve our
understanding of the wire detector’s behavior. In particular we will need to understand
its response to heat. Since we do not have a well understood beam based heat source, we
will present a number of measurements using the wire detector that do not involve any
atomic or molecular beams. Instead we run current through the wire to heat it, since
this is much simpler to control. By measuring both the voltage V' over and the current
through the wire we measure both the heating power applied P =V - I and the wire’s
response in the form of its resistance R = V/I. Comparison to simulation will allow us
to assess whether a particular aspect is well understood or not.

We will outline ways in which some of the parameters needed for describing the wire
in simulation can be measured. However, we will ultimately conclude, that pursuing a
perfectly adjusted simulation is not fruitful, and will instead chose to calibrate the wire’s
response to heat as directly as possible and use this instead when moving forward with
beam based calorimetry.

7.1 Measuring zero current resistance

In this section we present measurements to determine the base resistance of the wire at
the zero current limit. This is both a real world check on the parameters we used in
simulation and is required for calculating the temperature that the wire actually has
during operation. According to Eq. (5.1) the resistance of the wire is given by

R= PR+ a- (T(z) — Thef)da.

wire ACS

In the approximated case of a constant temperature coefficient of resistivity a this can
be rewritten as

PR - lwire / (1 +a- (T($) - Tref)d$
R = PR wire
Acs wire lwire
— Ro(Toer) - <1 . (/ Tl(ﬂc.)dx> o Tﬁf)
= RO(Tref) : (1 +a- (Tavg - Tref))a (71)

where Ry(Tier) is the base resistance of the wire when it is at a constant reference
temperature Trer and Thy, is the average temperature of the same wire when measured at
a resistance R at some other time. Which results in a relation for calculating the average
temperature of the wire from resistance measurement:

o R — RO (Tref)

Tan = f + Tref. (7.2)

The simplification of using a constant a rather than one which changes with Tem-
perature might cause systematic deviations in calculated and actual T,y of up to 5%
over the range of temperatures the wire is operated at if we adopt a literature formula
for the electrical resistivity of tungsten Ry in nQm given by Ry = 48.0(1 + 4.8297 x
10737 4 1.663 x 107%72) for T in °C based on page 2123 of [51]. We will retain the
simplification of a constant a with temperature, since this is the only case in which there
is a unique T,y for every wire resistance R regardless of which of the infinite options
for the underlying temperature distribution 7'(x) that would result in R is the true one.
The average wire temperature will be useful during later analysis such as in Section 8.1.1
and Appendix B.2.
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The wire detector is operated using DC current and voltage measurements. Any
resistance measurement based on DC current necessarily carries with it a power dissipated
on the resistor of

P,=I>__-R (7.3)

meas

where )45 is the current running through the resistor for measurement of the voltage
drop
V=R- Iheaus (7.4)

over it.

The very purpose of the calorimeter wire is to respond very sensitively to any power
applied to it. The P.; applied to it by the measurement current therefore causes an
increase in wire temperature and therefore resistance. For general operations we run
the wire detector at a constant 1 mA measurement current, which leads to an average
operating temperature of ~60°C. This is a compromise between keeping the operating
temperature low and increasing the precision on the measurement current which is
discussed in Section 7.2.

We use our power supply'® to run a series of increasing currents through the wire
and measure the voltage drop over the wire using a precision digital multimeter'®. The
tests are carried out with the V4 iteration of the wire detector (see Section 6.4) located
in Chamber 1 (see Figure 4.1) with the HABS turned off such that chamber pressures
are lower than 107 mbar, which essentially eliminates background gas cooling ( fbkgd,gas)
as a factor.

Figure 7.1 shows measured wire resistance when currents between 0.01 mA to 1 mA
are applied to the wire. For currents above 0.1 mA wire resistance is nearly perfectly
linear in heating power applied due to the measurement current as per Eq. (7.3), but
for very low measurement currents/powers, the calculated resistance falls of steeply.
This may be attributable to an offset between the current the power supply reports
and that which is actually applied to the wire, either because of a small leakage current
or simply because of a miscalibration of the power supply in the current range used.
Due to limitations with integrating the power supply??, all measurements were taken
with the same 10mA current output range setting. In this range the datasheet of the
Keithley SourceMeter 2400 reports an expected source accuracy of 0.045% + 2 pA and a
measurement accuracy of 0.035% + 600 nA.

In the following analysis we will use 2 different methods to determine the zero-current
wire resistance limit. Method 1 is an attempt to fit for the suspected current offset and
subtract it from the raw data. Method 2 is simply dropping data at low currents and
extrapolating from data above 0.1 mA where the effect of any current offset would be
minimal.

18Keithley SourceMeter 2400

9Keysight 34461A

29Multiple attempts were made but no permanent solution for stable fully automated operations of the
power supply were achieved. See the Bachelor thesis of Maxim Astashov for more details [52]
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Figure 7.1: Measured wire resistance measured shown in response to applied electrical power.
The inset in the lower right shows the non-linear ”turn-on” behavior at low power below 0.25 pW.
Above this threshold the resistance response to additional power is essentially linear. The top
axis shows the current supplied to the wire to produce the electrical heating power shown on the
bottom axis.

7.1.1 Method 1: Low power current offset

For method 1 we want to perform a linear fit to R(P,;) after both R and P,; are linearized
by removing the effect of the current offset I g

R(P.i;m, Ry, Iog) = Ro+m - Py(I + Iog, V) (7.5)
— Rotm-(I+Tg) -V (7.6)

where the fit parameters are: m the resistance increase per power applied, Ry the base
resistance, and I,g the current offset.
In order to linearize the axes we, we solve

V = R(Pe;m, Ro, Log) - (I + Log) (7.7)
— (Ro+m-(I+Lyg)- V) (I + Lg) (7.8)

for V' resulting in

I+1,
V(I;m,Ro,Ioff)—Ro(  loff )

1—m(I + Iog)?
after simplification. Resulting in a fit we can perform on the original raw current and
voltage data. If the current offset assumption is good we can recalculate R = V/(I + o)

(7.9)
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and P,y =V - (I + I,g) including the current offset and end up with linearized power and
resistance axes.

Figure 7.2 shows this method applied to data taken at currents between 0.01 mA to
0.1 mA corresponding to the inset in Figure 7.1. The comparison shows that the curve at
low powers/currents in the untreated data is mostly removed when including a rather
small current offset of just 113 nA in this case. This is a far smaller offset than even the
quoted accuracies for current source and measurement accuracy quoted by in the power
supply’s data sheet.

Current [mA]

0.00 0.03 0.06 0.09
fit: m=0.138 [Ohm/uW],
—— Ry =66.796 [Ohm],
66.86 - lof;=-0.1127 [}JA]
+ data, Ioff=-0.1127 [[J.A]
C 66.84-
Q
O
-
3
2 66.82 +
Q
o
66.80 -
+
66.78 1 , ; ; ; :
0.0 0.1 0.2 0.3 0.4 0.5

Power [uW]

Figure 7.2: First order polynomial fit applied to data subset with currents below 0.1 mA heating
current. We correct both the data and the fit by the offset current I g in an attempt to remove
the non-linear effects seen at low current/power in Figure 7.1.

The decent results of this method are not however proof that this is an accurate and
full explanation of the underlying cause of the non-linearity in R(P,;) for low currents.
As a repeatability check we performed the same analysis on 7 equivalent datasets. These
produce a spread of Ry = 66.78 +0.10Q and I, = —119 & 10nA. Further we can use
the Pt1000 temperature sensor located at the back end of the wire detector board (see
Figure 6.5) to gauge whether there are any trends correlated with the temperature of the
wire’s surroundings.

Figure 7.3 indicates there may be a correlation I,g and the temperature reported
by the Pt1000 sensor on the wire detector board. It seems likely, that this would be
an indirect effect caused by a common higher room temperature which raises both
the operating temperature of the power supply as well as the vacuum chamber and
indirectly the wire detector board. This might be investigated by actively controlling the
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Figure 7.3: I,g extracted from fitting procedure shown over T}oard, the PCB temperature as
measured by the Pt 1000 sensor at the back of the wire detector board. With one outlier, there
seems to be a strong correlation.

chamber temperature with the chamber bake-out heaters but such a measurement was not
performed. The temperature seen here is caused entirely by passive temperature drifts
not commanded by operators. There was no concurrent logged temperature monitoring
of the laboratory air temperature at the time, so the hypothesis of a change in room
temperature cannot be confirmed based on archival data.

7.1.2 Method 2: high power extrapolation

In method 2 we attempt to simply ignore any unexplained low current/power effects by
using data taken at higher currents between 0.1 mA to 1.1 mA. We aim to make use of
the largely linear relation between resistance and power in this range indicated in Figure
7.1. This time we simply apply a fit of the form of Eq. (7.5) directly to R = V/I and
P, =V - I calculated without the consideration of a current offset.

Figure 7.4 shows the relevant high current data range without adjustments along
with the linear fit. Despite using disjunct data ranges both methods produce similar
values for Ry and m. While resistance is superficially linear in power, there is a clear
systematic deviation evident in the residual subplot. Given that we do expect there to
be effects with nonlinear scaling in temperature such as thermal radiation this is not
surprising. However the magnitude of the residuals, at a maximum relative deviation of
> 0.1% is small enough to disregard for now. More accurate fit models will be considered
for Calibration in Section 7.3.

We again apply this method to 7 equivalent datasets for consistency check. For
method 2 the spread in base resistance is Ry = 66.70 & 0.102. Plotting the results for
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Figure 7.4: "High power” subset of the Resistance response to over heating power for heating
currents above 0.1 mA. A linear fit without current offset to this subset is plotted alongside the
data. The residuals to this fit shown in the lower subplot indicate systemetic disagreement of the
data with the fit, but only at very low magnitude of less than 0.04 2 which is less than 1 part in
a thousand.

Ry of both the low and high current methods over wire detector board temperature in
Figure 7.5 shows that the approximately 0.08 {2 deviation between the methods seen in
the example fits in Figures 7.2 and 7.4 is in fact a systematic offset. Additionally, we see
a monotonous yet inconsistent downward trend of the measured Ry values with board
temperature.

Since the temperature of the board is also the baseline temperature of the wire
attachment points, it is not surprising to see a correlated change resistance as per
Equations (5.1) and (5.3) to first order we may expect a change of

ARy = Ry(T = 25°C) - (1 +a - AT) (7.10)

if we approximate that a change in temperature of the wire detector board correlates with a
uniform change in wire temperature AT along the entire length of the wire. This expected
resistance change with temperature in first order approximation is plotted as in Figure 7.5
labeled as ”Illustrative scaling” based on an arbitrary choice of Ro(T = 25°C) = 66.85 (2
for the high current method and Ry(7 = 25°C) = 66.78 (2 for the low current method, as
well as a temperature coefficient value of a = 0.77-4.9 x 1072 1/K. Here 4.9 x 1073 1/K
is the literature value for the temperature coefficient of resistivity at 25 K [51]?! and

?'based on the formula for the electrical resistivity of tungsten Ry in nQm given by Rw = 48.0(1 +
4.8297 x 10737 + 1.663 x 107°7?2) for T in °C based on page 2123 of [51]
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0.77 is a purely empirical factor to produce better alignment. While this factor in this
case yields a fit which describes only an arbitrary subset of the data shown in Figure
7.5, some preliminary analysis shown in Appendix B.3.1 suggests a similar deviation
from the literature value for a is better able to describe the relationship between wire
temperature and detector board temperature as measured by the Pt1000 temperature
sensor. Whether this is actually due to a different temperature coefficient of resistivity,
or just because the relation between wire temperature and board temperature is not
one-to-one for any other reason is not obvious.

Based on only the data shown here, we cannot physically explain the discrepancy
between the measured behavior of Ry with temperature and what might naively be
expected from the literature values for tungsten. Any proper judgment of this should be
based on a dataset with a longer temperature baseline which is not available at this time.
Such a dataset might be produced by deliberate heating using the chamber bake-out
heater, which we suggest should be attempted as future follow up work to this thesis.
Such a measurement could provide independent calibration of wire resistance and the
temperature coeflicient of resistivity, regardless of whether it is known how and why
these values deviate from expected literature values.

66.85 1
66.80 -
66.75 1
_66.701
=)
& 66.65 -
66.60 -
) 4 low 0.01to 0.1 mA
66.55 ___ llustrative scaling:
Ro(T) =66.85Q (1 + 0.77 - 0.0049(T — 25°C))
66.50 high 0.1 to 1 mA
____ llustrative scaling:
Ro(T) =66.78Q- (1 + 0.77 - 0.0049(T — 25°C))
66.45 -
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Figure 7.5: Extracted base resistance R for the low and high power data subset methods plotted
over the respective wire detector board temperatures Tjoarq as measured by the attached Pt1000
sensor. The data suggests a portion of the variance in Ry may be explicable by changing board or
background temperatures, but the large outliers in the data presented here mean it is insufficient
for a strong conclusion.
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7.1.3 Conclusion

While very much imperfect, the base resistance measurement performed here does clearly
put the value at roughly 66.7 2. The most important result moving forward is actually
that this disagrees markedly with the prediction from the resistance calculated by the
simulation based on literature values which with R = (pgr - lwire/A) and the value for
specific resistance pg = 52 x 1072 Qm (at 20 °C) results in a resistance of 52.87 ) for a
wire with length 20 mm and diameter 5 ym resulting in a mismatch of 26%.

This substantial disagreement must be explained by sizable errors in our values for
wire length, diameter, specific resistance, and perhaps a small contribution by contact
resistances. The wire is never perfectly tensioned and has small kinks and bends which will
subtly increase its length. The magnitude of this could not be measured, and is difficult
to estimate, but this will be a certain increase in resistance as there is no conceivable
way in which the wire might be shorter than 20 mm. Potentially the most substantial
part of the discrepancy, may be due to a smaller than advertised wire diameter. The
manufacturer only guarantees wire diameter to +10% precision. As the cross sectional
area is quadratic in dyire, if the wire diameter were indeed 4.5 um this on its own would
immediately result in a 23% increase in resistance. Specific resistivity of tungsten varies
in literature between 52 x 1072 Qm to 56 x 10~ Qm at room temperature [51], [53], and
so can perhaps contribute 7% to the mismatch. And finally there may be a small < 1Q
contact resistance not due to the wire itself, but included in the measurement.

Discrepancies such as this as well as others that will be pointed out in following sections,
ultimately lead us to forgo attempts to precisely tune all possible model parameters
with the goal of using the simulation for direct reconstruction of measured wire detector
signals. Here we will however offer some brief suggestions for how some of this parameter
degeneracy might be resolved, but they were not performed during this thesis.

The effect of wire length inaccuracy and contact resistance, might be resolved by
stringing up wires over gaps of varying lengths, to allow for calibration of the constant
resistance offset due to contact resistance. Using sufficiently precise microscopy the wire
diameter might be directly measured. With more complicated analysis of microscope
images wire length deviation from gap span based on deviations of the wire from being
perfectly straight might be determined. An attempt to measure bends in the wire was
performed by Darius Fenner [49]. An image from this work is shown in Figure 7.6. Bends
of less than 1 mm were regularly measured. Additionally, the wires are often strung at
small angles away from perfectly perpendicular, which will add a small extra length
to the wire. Ultimately, for the purposes of this work, wire length effects are deemed
small enough that we proceed without treating them accounting for them explicitly. The
trade-off in additional model complexity is not deemed worthwhile at this point.
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Figure 7.6: Three wires attached to a V4 detector board imaged in the vacuum chamber with a
macro lens. The images here show an attempt at digitally map the bends in the wire is performed
and used to digitally straighten the wire in the repeat image below each of the 3 wires. Work and
image by D. Fenner, for details see Appendix A.7 in [49].

7.2 Detection threshold

We measure the resistance change of the wire calorimeter by DC measurements of both
current and voltage. We pass a constant current over the wire and measure the voltage
drop over the wire once every second. To ensure that measured effects are due to external
inputs of power onto the wire, and not fluctuations of the measurement current, a highly
stable power supply is required to provide the measurement current.

The precision with which the resistance change can be measured depends on both the
precision in voltage V' and the measurement current I. Since R = U/I The uncertainty
in measured in resistance or can be expressed in terms of the uncertainties in voltage

oy and current oy as
1\ 2 2
eef(or 1)+ (o ) o

With real power supplies and multimeters oy and o7 are functions of V and [
respectively. To find the optimal operating current, we supplied a range of currents to
the wire using two different power supplies, and measured the statistical uncertainties
oy, oy and og. or represents the smallest change in wire resistance that can be reliably
resolved in a single measurement. Recall from Section 5.1 and Eq. (5.3) that the change
in wire resistance AR in response to a power input is the signal we want to measure.
The precision o with which the resistance can be measured therefore directly limits the
minimum resolvable power input on the wire.

Using the power to resistance change conversion factor k = g—g introduced in Section
7.3 we can calculate the minimum resolvable power

OPincas = K- OR (7.12)
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where Ppeas is the measured heating power applied to the wire from any source. We plot
this for every measurement current in Figure 7.7. We also display an atom flux density
that would deliver an equivalent amount of recombination energy to the wire, given a
flat distribution of atoms and perfect transfer efficiency of available chemical energy to

the wire:
EI‘GC

’ UPmeas ’
2- Awire

See Eq. (5.19) in Section 5.3.1 for the derivation. As the assumptions made are for
perfect energy transfer to the calorimeter, this can be treated as a lower floor for the
atom flux density required to cause a signal measurable with a single measurement.

Note, that as these are statistical uncertainties and therefore better resolutions can still
be obtained with the same power supply and beam by repeating the same measurement
N times for an improvement of a factor 1/v/N in resolution. We show such a procedure
in Section 8.2.1.

(7.13)

oJy =
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Figure 7.7: Resolution in heating power at various measurement currents. Measurement are
shown for two power supplies of differing stability. We ultimately use the Keithley model due to
its superior performance An additional y-axis displays the density of a uniform beam that would
result in such a heating power. An additional x-axis shows the average temperature along the
wire when the corresponding current is applied to it.

The achievable power resolution has an optimum between 0.5 mA to 1.5 mA depending
on the power supply that is used. At extremely low measurement currents, the relative
precision of the Voltage measurement and current control both get worse which results
in an increase in or. On the other end of the current range, high measurement currents
raise the operating temperature of the wire. This increases the relative effect of cooling
by thermal radiation as per Eq. (5.37). This effect scales with 7% and therefore much
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more steeply with temperature than thermal conduction which is dominant at lower
temperatures. This means that any further increase in temperature requires more power.
A smaller change in temperature also results in a smaller signal AR as per Eq. (5.1).
Even though the relative precision of the resistance measurement improves with high
currents, this is more than outweighed by the ”stiffening” of the temperature response of
the wire such that the crucial resolution in input power gets worse.

Based on the data presented in Figure 7.7 we ultimately decided to use 1 mA as the
default measurement current. We had already been using it, and it is close enough to the
best power resolution for either of the power supplies used. Changing the power supply
or multimeter used may move the optimal operating current, changing wire parameters
such as wire thickness certainly does.

7.3 Calibration of resistance response to heating power

In order to convert between changes in wire resistance and the heating power causing
them, a calibration of the detector is performed by running an increasing series of currents
over the wire. Since input voltage (V') and current (/) through the wire are independently
measured, both the resistance, as well as a direct measurement for the electrical power
imparted to the wire via Joule heating (P = V - I) is performed simultaneously.

To produce a calibration function, a 4th order polynomial function of resistance is fit
to the calibration data as shown in Figure 7.8. A 4th order polynomial is chosen because
the highest-ordered effect is that of thermal radiation (fraq defined in Section 5) , which
scales with the 4th power in temperature, and because it empirically fits the data to
about 1 part in one thousand over the resistance range used in our measurements. This
means potential systematic calibration errors due to the parametrization of this fit are
significantly smaller than the statistical errors on beam measurements of about 1% in
the best case (see Figure 8.2).

The calibration function k& can then be expressed as the derivative of the fit function

dP
E(R) = — 7.14
(®) = 5| (7.14)
such that
, dP
APcalib(R 7AR) = o AR, (715)
AR |y

where AP is the change in heating power supplied to the wire required to produce a
small change in measured wire resistance AR away from an initial resistance R’. The
choice of local calibration around an initial R’ rather than a global calibration is taken,
as the initial resistance is subject to changes due to background effects, for example due
to a change in the temperature of the surrounding apparatus. In practice the changes
in resistance due to the atomic beam are always small, so the implicit locally linear
approximation made when using the local slope approximation is justifiable.

When taking data with an external heat source like the beam, we additionally need
to account for the feedback Joule heating due to the measurement current.

P, =1I*- AR. (7.16)

With a constant measurement current I, an externally caused resistance change AR
will result in additional electrical power draw and therefore heating of the wire, which
needs to be subtracted to arrive at the measured external heating P,,eqs
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(a) Electrical power supplied to the wire plotted over
the resistance the wire reaches when heated with that

power. The data is fitted with a 4th order polynomial.

The data deviates from the fit function used towards the
upper end of the range measured; however deviations are
never more than 1.5 per thousand and so are accepted
in the current analysis. The significant deviation in the
data point at 90 €2 is unexplained, and we treat it as an
aberration. It has no significant effect on the fit.
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(b) Calibration function k extracted from the slope of
the power-resistance curve. The local approximation of
the slope AP/AR is calculated between adjacent data
points and shown to illustrate the scatter. The outlier
at 90 2 causes the local approximations to fluctuate
significantly, but the fit curve which is used for further
analysis suppresses this effect.

Figure 7.8: Calibration curve produced by varying electrical power supplied to the wire and
measuring the resulting wire resistance. The measurement is realized by changing the current
across the wire from 0.9 mA to 1.6 mA in 0.0l mA steps. The resulting range of wire resistances
corresponds to the range observed when heating the wire with external sources, primarily the
thermal radiation from the HABS when heated to 2200 K.

Pmeas = APcalib - be (717)
=k(R)- AR — Py, (7.18)
= (k(R') - I?) - AR. (7.19)

With the typical operating current I of 1 mA this results in a correction of —1 uW /<.

7.3.1 Correcting calibration for temperature distribution and resulting wire
sensitivity

The calibration method initially assumes that the wire is heated equally in all places by
the measurement current. This is incorrect, but a convenient approximation, because
only the total resistance of the wire is measurable and therefore only an approximation
for its average temperature can be derived.

A better approximation can be obtained, by simulating the wire behavior. The finite
elements simulation results in a prediction for the wire temperature profile in response
to the heating due to the measurement current, shown in Figure 5.3. The maximum of
the wire temperature is reached in the center of the wire at just over 50 °C. There is a
roughly 30 °C temperature difference to the edges of the wire.

Of course the real calibration measurement already includes these effects. What
remains for us is to correct the assumption, that k as calculated above is the average
conversion factor for AR to power. As calculated, it is actually already the conversion
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factor weighted for the unequally distributed heating power. To get back to the average
conversion factor for a flat input power the effect of the additional central heating needs
to be removed.

The difference in global calibration factor based on the real input power distribution
and a flat input power can be interpreted as a correction factor ¢, the quotient of the
integrals over the power distribution weighted by 7yire along the wire

c= fwire IQRdenS(T(x)) “ Nwire(T)dx (7.20)
fwire IZLOZ * Nwire (1’)d$ ’ :

lwir

which simplifies to
fwire Riens (T(x> ) " Thwire (eT) dx
ot fwire nwire(l')dl' .

lwi're

(7.21)

C =

and finally
fwire(l ta- AT(J})) : nwire(x)dx
fwire Nwire(T)dx

where a is the temperature coefficient of resistivity and AT = T'(z) — Thyg. Tavg being
the average wire temperature that would result in it having a total resistance of Ry,. The
correction resulting from a simulation at 1 mA is ¢ = 1.023, meaning that the calculated
kegr = c- k is too high by this factor compared to the equally distributed heating power
assumption. The accuracy of this correction depends on the accuracy of the simulation,
but since it is a fairly small correction, even large inaccuracies in the simulation on the
order of 10% would only translate into part per thousand level changes to the calibration
factor k. .

CcC =

7 (7.22)
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8 Beam measurements

In this Section we present measurements of beams produced by the HABS which is
described in Section 4.1. First in Section 8.1, we will develop a model for calculating the
expected heat load due to a beam on the wire in this location. In Section 8.2, we will then
describe the method by which we extract the beam signal from raw measurements and
then further how to extract the signal component due to heating due to H recombination.
We will then present scans of Hy beams with varied wire position in Section 8.3 and
finally scans of composite H and Hs with varied wire position in Section 8.4, with the
aim to determine the shape of the distribution with which the H component is emitted
from the source.

Measurements presented in this section are all taken with the version 4 wire detector
placed in the source chamber directly below the HABS as illustrated in Figure 4.1.
While some measurements were taken with the wire detector located below the mass
spectrometer in chamber 3, these all failed to detect a signal that could be attributed to
the beam, and they are therefore not presented here.

8.1 Beam model

This section will show that a given model for the beam shape such as jyapg from Eq.(4.1)
could be integrated to predict the absolute expected heating power received by the wire.
However, due to some poorly-known parameters we only carry out part of the integration
and leave the overall heat scaling as a free parameter.

The recombination intensity Ire. is the power density per unit solid angle [W/sr] from
recombination heating on a surface exposed to an atomic hydrogen beam. It can be

expressed as
EI'EC

5

where ®;,, is the flow of molecules per second into the source, and agigsoc is the fraction
of these which are dissociated into atoms in the source. 7). is the calorimetric efficiency
of the wire surface (See Eq. (5.48)), and E,e is the total energy released when two
hydrogen atoms recombine into a molecule.

The values of agigsoc and 7pec are both initially unknown. They are difficult to
disentangle with currently available data. Some values for the recombination parameters
in 7yec are available from literature [42], but with large uncertainties, and it is unclear
if they are directly applicable. Due to the degeneracy caused by including all three
as separate parameters, for the purposes of a fit model, all such purely multiplicative
parameters will be combined into a single scaling parameter

Irec = Pin - 20vdissoc jHABS<9§ leff) * Nrec * (8'1)

Erec
2 .

A = Py, - 200issoc - Tlrec * (82)

A is then implicitly a complicated function of gas flow, source and wire temperature, as
well as wire surface properties. However, as long as these are constant for the dataset to
which a fit is applied, the complexities will be absorbed into the fit parameter.

The recombination intensity can be expressed using A as

Lec=A- jHABS(a; loff)- (83)

Using the definition for beam intensity given in the equation above, a parametric
model for the heating power due to recombination measured by the wire calorimeter can
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be defined. This takes the form of integrating ... over the surface of the wire:

Prec(2pos; lefr, A) =
A ( / /w dad s (O 2: ) - @) COSB(Q(“’”))) , (8.4)

Yo

which can be simplified under the assumption of a wire aligned with the x-axis and with a
very small extent in z-direction of Az = dyire as well as neglecting any effects due to the
curvature of the wire surface. Neglecting wire surface curvature is justified, because any
effect would just modify 7, which is already a free parameter of the model and because
tests of other metal surfaces [54] indicate that sticking coefficients of atomic hydrogen
are not generally strongly dependent on angle of incidence, though the source does not
specifically measure this for the case of an untreated gold surface. The simplified integral
over wire area projected along the y-axis is:

Prec(zpos; leffa A) =

A </ ' dz dyire 'jHABS(9($7 2pos)§ leff) : nwire(x) :

cos®(0(z, zpos)>
€08 WA Zpos) ) | (8.5)

Y

where 7yire is the relative sensitivity of the wire to heat depending on location (see
Section 5.6), and z is the position along the length of the wire over which the integration
is performed. P is evaluated as a function of 2., the position along the z-axis at
which the wire is placed. 8 can be calculated as a function of the Cartesian coordinates

cos® (0(x,2pos)

(z,z,y) per their definition shown in Appendix A. The multiplication with —
where g is the distance from the capillary end face to the wire plane, results from the
transformation between the spherical coordinates in which the beam is defined and the
Cartesian coordinates defining the locations along the wire over which we integrate. The
derivation is shown in Appendix A.1.

This yields a model for the signal expected on the wire detector, which can be fit to
data as will be shown later. It has two principal parameters: the scaling parameter A
and l.g which describes the shape of the distribution.

8.1.1 Beam gas heating model

An analogous calculation can be done for the total heating power due to beam gas heating,
based on the beam gas heating description fheam gas £q. (5.20) introduced in Section
5.3.2.
The intensity of beam gas heating due to atoms and molecules
Ibeam,gas = lat + Imol (86)

is the power density per unit solid angle [W /sr] from the kinetic energy incident on a
surface exposed to a hydrogen beam. The components I,;/mo can be expressed as

Iat/mol = q)at/mol : jHABS(H; leffat/mol) " OB mol

(i Tt met) Tt imct = Ci (1)) () (8.7)
where
.t = Pin - 200dissoc (88)
and
Prol = Pin - (1 — adissoc) (8.9)
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where the @, /1,01 is the respective flow out of the capillary, ag is the energy accommoda-
tion coefficient of the gas on the wire, Cy, femol 22 i5 the heat capacity per particle of atomic
and molecular hydrogen respectively as a function of the temperature of the gas Ty /mol
and T'(z) is the temperature of the wire at position x. By selecting the appropriate
subscript ,¢/mo1 this equation yields the intensity of the atomic or molecular beam gas
heating component.

For application to real data taken with our setup, we can generally apply a few
simplifications to keep the number of free parameters in check. For any measurements
which are taken at temperatures too low for any substantial dissociation of Hy to occur
(< 1600K) agissoc = 0 can be assumed. When extrapolating the effect of beam gas
heating into hotter temperatures where dissociation occurs (see Figure 8.3) we can
choose to disregard a low fraction of dissociation as a first order approximation, since
at temperatures 1500 K to 2500 K the heat capacity of 2 individual hydrogen atoms is
within 10% of the heat capacity of molecular hydrogen, as shown in Figure 8.1. Since Pyec
quickly becomes much larger than P,cam gas for any appreciable degree of dissociation
Qdissoc ~ 10% the error in total modeled power due to this simplification is strictly less
than 5% and usually much less. This means we can forego the significant challenges
to determine agigsoc Or & separate ag,, for the kinetic energy accommodation of atomic
hydrogen for the purposes of modeling Iieam gas-

As an additional simplification, we approximate the wires temperature 7'(z) as a
constant average temperature along the wire, which is acceptable whenever T /01 18
significantly greater than the temperature range along the wire of ~ 40K . Under these
assumptions we can simplify Equation 8.6 to

Ibeam,gas ~ Pl - jHABS(e; leffmol) “OE 0
’ (Cvmol (Tmol) Lol — CVmol (Tavg> : Tavg) (8-10)

where T} is the average temperature of the calorimeter wire. The average wire tempera-
ture can be approximately calculated from its resistance as derived in Section 7.1. @, is
measured at the mass flow controller that lets gas into the HABS capillary, and Cy u,(T)
is taken from literature [55]. This means that Iheam gas can be well approximated as a
simple function of temperature with unknowns in the form of the energy accommodation
coefficient ap and the beam shape jgaps. The determination of both is subject of Section
8.3 where we model the total beam gas heating power using

Pbeam,gas(zpos; legt, Abg) =

. cos?(0(x, Zpos
Abg </ dz dyire - ]HABS(H(xy zpos)? leff) : nwire(x) : (?SQP)> s (8.11)
wire 0
where the scaling factor Apg is now
Abg = ¢m01 ’ aEmol ’ (Cvmol (TmOI) : TmOl - C"/mol (TaV ) : Tavg) . (8]‘2)

2NIST [55] Cvu,(T): https://webbook.nist.gov/cgi/cbook.cgi?ID=C1333740&Type=JANAFG&
Table=on#JANAFG, Cv,u(7T): https://webbook.nist.gov/cgi/cbook.cgi?ID=C12385136&Mask=1
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Figure 8.1: The heat capacity of hydrogen in plotted in terms of multiples of half the Boltzmann
constant. This way the relationship to the effective degrees of freedom is highlighted. At room
temperature molecular hydrogen is well approximated by the standard diatomic approximation
of 5 degrees of freedom, increasing by up to 30% over the temperature range of interest. Data
from NIST [55].

8.2 Signal extraction
8.2.1 Primary signal extraction

The beam heating effects on the wire (Pheam gas and Prec) can be quite small, on the
order of 1072 — 1076 W. Since the wire is subject to external temperature drifts, signals
are extracted as a relative measurement by periodic switching between the “beam on”
and “beam off” states, to allow for constant comparison against the drifting background.
An example of this is shown in Figure 8.2. Here a typical 1sccm hydrogen beam is cycled
on and off every 5 minutes. To get a relatively fast equilibration of flow to the nominal
setpoint of the mass flow controller, we first let gas flow through the mass flow controller
and hydrogen purifier for at least 1 hour before starting the flow cycling scheme. Flow
through the purifier can take hours to equilibrate at low flows if it is not saturated with
the correct amount of hydrogen for steady state operation. We therefore open and close a
pneumatic valve downstream of the hydrogen purifier in time with the 5 minute switching
interval of the mass flow controller. This way the pressure of hydrogen in the mass flow
controller gets “locked in” and flow can resume quickly. See Appendix B.2 for more
details on flow equilibration.

For each 5 minute section only a segment of data from 2.5 to 4.15 minutes after
flow switching is used to allow for equilibration of flow as well as wire temperature
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Figure 8.2: Example of signal extraction for the wire positioned centrally in the beam at
z = 1.bmm, with the HABS at ~ 2200 K and a flow of 1 sccm. The flow is cycled on and off 8
times. For each cycle the difference in resistance when the flow is on is extracted using a fit to a
subset of the data after equilibration, marked in orange. Fits are applied individually to every set
of three 5 minute segments in an beam off-on-off pattern.

and to avoid potential issues with slight de-synchronization at the end of the segment.
This data is marked orange in the plot. Then three 5 minute sections are combined
in an “off’-“on”-“off” pattern. The two “off” sections allow for fitting the background
trends and then determining the average difference AR when the beam is “on” in the
central 5 minute section. A quadratic function is fit to the data as a basic model of local
background temperature drift, with an additional AR offset factor only applied to the
“beam on” data, which represents the extracted beam signal.

Re(t) = {co + et + Cgtj %f “beam off” ’ (8.13)

co+ct+eot + AR if  “beam on”

Tracking the change in resistance in the “beam off” state, as the flow switching method
does, practically eliminates any slow-changing background effects. The measurement
turns into a comparison of two values, where the only variable is hydrogen flow through
the HABS. This eliminates the need to model effects which are not affected by hydrogen
flow directly, such as P, Py}, with great precision in order to extract the much smaller
beam-related effects.

We do not attempt to model the equilibration process of each cycle, as it is a
potentially complex superposition of thermalization processes of various components
(wire, detector board, vacuum chamber), as well as the equilibration of gas flow after
switching, all of which take place over different time scales. From the simulation (e.g.
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Figure 5.5) and measurements (see P. Kern’s Bachelor Thesis [56]), it is known that the
wire temperature equilibrates on the scale of a few seconds, while the detector PCB
temperature has been measured to take tens of minutes to reach full equilibrium. The 5
minute cycle is a compromise in letting the fast processes that affect the wire directly
equilibrate, while not waiting for all components to fully thermalize over e.g. one hour,
because the ability to background-subtract unintended external temperature drifts would
be lost. The partial inclusion of background temperature equilibration is undesired but
not easily avoidable. Competing systematic errors caused by equilibration processes in
pressure and temperature are discussed in Appendix B.

Since our model in Eq. (8.5) includes a scaling parameter A, for the purposes of this
thesis any proportional systematic will simply be absorbed by A. This is yet another
reason why an absolute calibration is difficult to achieve, but the effects on measuring
the beam shape in terms of relative flux, as shown in Section 8.4, should be minor.

The flow switching method enables checking for repeatability and stacking of multiple
measurements to increase SNR. With 8 such repetitions, signals as small as AR = 2m{2

(equivalent to Ppeas ~ 13nW, or ~ 10'* atoms/(cm?s)) have been resolved with an SNR
HAR
of —

OAR
~2200 K which produces signals of approximately such a size and precision.

After AR is extracted, we use Eq. (7.19) to calculate Pyeas, the net heating power
responsible for the resistance change.

~ 4. See Figure D.la the appendix for extracted data of a 0.002sccm beam at

8.2.2 Secondary signal extraction

The result of primary signal extraction is the net heating power as derived from the net
change in resistance. In a second extraction step, the atomic hydrogen recombination
heating P,ec must be extracted from the net heating power.

The assumption is made that the components remaining in the signal are

Pmeas = Prec + Pbeam,gas - Pbkgd,gas- (8'14)

The other components listed in Eq. (5.10) ought to be eliminated by the flow switching
scheme of the primary signal extraction.

With the HABS actively putting gas into the vacuum chamber, the background
pressure is typically ~ 2 x 10~° mbar at the 1 sccm flow that is used for measurements
presented in this section. Assuming that the background gas component is in thermal
equilibrium with the walls and has no atoms in it due to the recombination and thermal-
ization on the chamber walls, it will provide a constant cooling effect. The hot molecules
in the beam, in contrast, will deposit power increasing with temperature. One source of
non-linearity that needs to be accounted for is the non-trivial scaling of the heat capacity
of molecular hydrogen with temperature?® Cy.p, (T).

To extract just the power due to recombination, equivalent measurements are taken at
three HABS temperature setpoints Tjoy, Timid, Thigh- Tiow is chosen as room temperature,
Tnia at = 1277 K, high enough to see the effects of Pheam gas but low enough that no
atomic hydrogen will be produced, and Tj;gp, is chosen to be ~ 2211 K, the highest reliably
reachable temperature with the hardware employed. The precise numerical values of
the temperatures seem arbitrary, because they are the conversion of flat thermocouple
voltages which are used for stabilization. While the stabilization is quite good, the
absolute conversion should be taken as no more than 5% accurate, as precise calibration
of capillary temperature measurements remains a challenge.

2NIST [55] https://webbook.nist.gov/cgi/cbook.cgi?ID=C1333740&Type=JANAFG&Table=on#
JANAFG
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The measurements at 1j,,, and T;,;q are the minimum number of points required to
scale the heating and cooling effects of molecular hydrogen Py,to what they should be at
Thigh-

PH2 = Pbeam,gas - Pbkgd,gas = (CL : CV,HQ (T) T+ b) (815)

a and b are determined by fitting to data at at Tj,, and T,,;q. The scaled effect is
subtracted from the raw measurement to obtain the extracted recombination heating
power

Prec(Thigh) :Pmeas (Thigh) - (a : CV,HQ (Thigh) : Thigh + b) 3 (8'16)

Figure 8.3 illustrates such a fit using a dataset with higher resolution in HABS
temperature at a single wire z-position. The temperature scan is performed twice at
each temperature, once scanning up in temperature once going down. In the example,
Eq. (8.15) is applied to the data below a temperature cutoff of 1600 K to ensure none
of the measured power is due to atomic H. The model describes the data below the
cutoff well, but with discrepancies not fully explainable by statistic fluctuation. These
may be partially the a result of imperfect calibration of the temperature axis. Work
on improved temperature determination is ongoing, but not presented in this thesis.?*
Beyond that, Eq. (8.15) may not fully capture all temperature dependencies if further
parameters in Eq. (5.20) carry significant temperature dependence. For example, in
Section 8.3.3 we attempt to determine the temperature dependence of o, , and find
that while we cannot determine it with high precision, as much as a 10% change in o, ,
over our temperature range is consistent with the data. For the extraction process we
will treat it as constant for simplicity, incurring a potential systematic error. This would
carry forward to derived quantities which are discussed in following sections such as the
accommodation coeflicient g, as well as more indirectly the measured atom flow and
the beam shape parameter lqg.

A choice of only three representative temperature points is made to minimize total
required data taking time. Since full z-scans of with 40 z-points as presented in Figure 8.4
require 80 hours of data taking per temperature, using high resolution in temperature as
well quickly becomes operationally prohibitive. Based on the dataset presented in Figure
8.3 we estimate the three temperature point method introduces roughly an additional
5% uncertainty on the extracted P, compared to doing a full resolution fit when the
baseline between the chosen Tj,,, and T,,;q is at least 500 K.

Eq. (8.16) describes the procedure by which measurements at multiple temperatures
can be combined to extract only the heating due to hydrogen recombination. This
recombination heating is used in this work to trace the relative flux density of atomic
hydrogen. Therefore the preceding section has described the prescription for using a
wire calorimeter as a detector for atomic hydrogen, so long as the assumptions that were
made are valid.

24See an upcoming PhD thesis by Brunilda Mucogllava focused on source temperature determination.
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Figure 8.3: Power detected on the wire after primary extraction (Ppeas) at 1scem for a fixed
z-position over a range of temperatures. The temperature scan is performed twice in this dataset
for each temperature position, once scanning up in temperature and once down. A fit based on
Eq. (8.15) is applied to data points below the temperature cutoff Teuog = 1600 K. Below this
temperature no dissociation of hydrogen is expected, and therefore no contribution of atomic
hydrogen to the heat detected on the wire.

8.3 Molecular beam shape scans

In this section we focus on use of the wire detector for detecting beams of (warm)
molecular hydrogen below the dissociation threshold. We will scan the wire detector
through beams at various temperatures to determine beam shapes as well as an estimation
of ap, the energy accommodation coefficient of Hy on the wire surface. The reduced
number of unknowns due to using a beam of pure Hy composition will in effect allow us
to perform an absolute calibration of the sensitivity of the wire detector to such beams.
This is in contrast to atomic H beams covered in Section 8.4, where our inability to
produce a pure H beam means we are always dealing with a mixture of H and Hs and
the additional free parameter in the form of agissoc Will preclude an absolute calibration
and we will merely be able to present limits in Section 8.6.

We will be using data taken at a flow rate of 1sccm shown in Figure 8.4. Of the data
sets shown we will use the five taken at temperatures below 1600 K such that no relevant
amounts of dissociation occur and the beam can be modeled as a pure Hy beam.

Each scan is taken by performing the flow “off”-“on”-“off” switching method shown
in Figure 8.2 for 2 hours at each position. We usually take measurements at about 40
positions per scan taking the average of 8 flow cycles for each position. The translation
stage on which the wire detector is mounted is then moved along the z-axis, positioning
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Figure 8.4: Power detected on the wire after primary extraction (Ppeas) at 1scem for an extended
range of source temperatures. All datasets below 1600 K are below the dissociation threshold and
measure a pure Ho beam. These data sets are then used in the secondary extraction procedure,
to yield the effect of recombining atoms on the surface. Negative detected powers indicate a net
cooling of the wire, which is identified with the convection cooling due to gas pressure in the
detector chamber (fpkgd_gas)-

the wire at a new angle 6 with respect to the capillary. As an attempt to reduce systematic
effects of potential temperature drifts, the z-positions are measured in a non-sequential
order.

8.3.1 Secondary signal extraction for fully molecular beams

The result of primary signal extraction is the net heating power as derived from the
net change in resistance. In the case of HABS temperatures below 1600 K that we are
concerned with in this section, the assumption is made that the components remaining
in the signal are

Pmeas = Pbeam,gas - Pbkgd,gas- (817)

No contribution is made by Py in this case since no atomic H is produced. The other
heating and cooling components listed in Eq. (5.10) ought to be eliminated by the flow
switching scheme of the primary signal extraction.

To extract just the power due to the thermal energy of particles in the beam hitting
the wire, which we call “beam gas” heating, we can proceed in a simplified manner to the
one described for extracting recombination heating in Section 8.2.2. In this case we only
require a minimum of 2 temperature points Tj,, and T,,;q4, both below the dissociation
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threshold temperature. However, in this case since we do not need to extrapolate to
higher temperatures, we forego a fit for Py, such as described by Equation (8.15). We
can simply identify our room temperature data set at Tj,, ~ 298K as a proxy for
Piigd gas ® Preas(T' ~ 298 K) and subtract it from any of the T},;4 datasets between
700K to 1600 K. Our measurement for Pheam gas at following from Eq. (8.17) is thus
extracted by applying

Pbeam,gas (Tmzd) - Prneas (Tmzd) - Pmeas(Tlow ~ 298 K)) (818)

to any of the intermediate temperature datasets. This procedure is applied for every zpos
for which data was taken at both T, and T},;4.

8.3.2 Molecular beam fit model

We fit a function based on the model described in Section 8.1.1 to the extracted Pheam gas
values. For this we adapt Eq. (8.11) by adding two setup geometry parameters zy and
den as well as a power offset Py resulting in the fit function

Pbeam,gas(zpos + 20; ler, Abg7 Py, dch) =
; cos®(0(z, zpos +
Ao </ didyire juaps(0(z, Zpos + 203 leff, den)) - Mwire(T) (& 2pOS 0)>
wire va
+F (8.19)

zp is a simple offset to the wire position, which is required, since the calibration of
the z-position used by when addressing the z-translator is not perfectly aligned with the
center of the beam. dy, is the distance between the HABS capillary end face and the
HABS shroud opening as is further explained in Section 4.1.2. Its primary effect is to
determine the cutoff angle at which the capillary is shaded by the HABS shroud, which
results in a sharp drop in beam intensity at those angles.

The addition of Py represents a parameter without a determined physical explanation.
If our model included all relevant effects, and the extraction scheme perfectly isolated
them, then Py should be compatible with 0. However, in practice to attain reasonable
fits it is required. This does indicate some level of model deficiency, which we will not be
able to address in this work and will only briefly mention possibilities here: Our beam
model does not anticipate any portion of the beam to hit the wire once the capillary is
fully occluded by the HABS shroud. However, gas trapped in the HABS shroud does
eventually leave it, presumably as a diffuse beam of intermediate temperature. We have
not robustly quantified whether this is a significant effect. Another possibility is, that
our assumption implicitly made for Pxed gas in Section 5.3.7 that the gas introduced into
the chamber by the source quickly accommodates to the temperature of the chamber is
not entirely correct. If background gas retained on average 5% of its initial temperature
difference to the chamber (100 K hotter than chamber temperature for a source at 2300 K)
this would make background gas and the wire have approximately equal temperatures
at high source temperatures, resulting in Pxeq gas ~ 0. This would be consistent with
some but not all out of beam data presented in Figure C.1 and be of an effect size large
enough to explain Py under some circumstances.

In Figure 8.5 we show the four intermediate temperature data presented in Figure 8.4
after extracting Peam_gas @s described in Section 8.3.1 and apply a fit with the model
defined in Equation (8.19).

The fit model is generally able to describe the data fairly well with only few data
points points that are statistically incompatible with the fits. An exception is the 1022 K
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dataset in Figure 8.5b which shows larger than usual scatter around the fit function,
especially in relation to the estimated errors. The scatter seems to be stochastically
scattered though, with no obvious additional systematic deviations.

The only clear systematic deviation seems to be in the inner edge of the penumbra
region between 21° to 23° where all datasets show the data points above the fit model.
This may indicate additional subtle effects caused by the HABS shroud shadowing that
are not fully described by the gyisible model.

It should be noted, that since zy and dg, are geometric parameters, they should in
principle be fixed for all measurements presented here. They therefore allow the models
some additional flexibility that it should not have. Short of precision measurements of
these values in-situ, this could be addressed with a combined fit of multiple datasets
with a single global value for geometric parameters such as zy and dg,. For the data
presented here zp and d, show only small variations beyond the parameter error estimates
indicating no large disagreements about underlying geometry and we will not carry out
the combined fits here.
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Figure 8.5: The sub-figures show the extracted measurements for Pheam_ gas for scans of the wire
detector along the z-axis across pure Hy beams at the indicated source temperatures. In each
case the total flow of Hs as measured by the mass flow controller is 1sccm. Fits using the model
defined in Equation (8.19) are plotted alongside the data, and the best fit parameters are listed
in the inset table.

86



8.3.3 Accommodation coefficient and implications for absolute calibration

Having determined the beam shape in the previous section, we can now use Equation
(8.12) to calculate the accommodation coefficient ag; the fraction of the kinetic energy
available in the hot Hy that hits the wire that is transferred to the wire. Solving Equation
(8.12) for ag yields

Apg
cI)mol : (CVmol (Tmol) : Tmol - CVm01 (Tav ) . Tavg) .

Inputting the fits values we can calculate values for ag that would explain the
observations under the model described in Equation (8.19). The resulting values are
plotted in Figure 8.6. The plot is quite sparse with only 4 data points since these
measurements were not prioritized during data taking. The 5 datasets required for this
analysis took a combined 20 days of runtime. Given the size of the error bars it is
therefore difficult to draw any firm conclusions beyond saying that available data suggests
a value of ag = oy £ 00y ~ 0.47 £0.07 within the covered range of temperatures.

(8.20)

CYE‘mol =

0.7

0.6 1
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@ propagating just Apg fit errors
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Figure 8.6: Plot of the values for ap calculated from Eq. (8.20) based on the fit values presented
in Figure 8.5 at 4 temperature setpoints. We include errors bars base only on fit parameter error
estimates. We additionally shade a region corresponding to a systematic offset in Ty, of 100K
either side of the nominal value after propagation through Eq. (8.20). The value of ATy, is
chosen for illustration purposes only, actual temperature errors may be different and likewise the
induced systematic error.??

25The value of ATmor = 100 K is chosen according to an internal writeup by Larisa Thorne and Maxi-
milian Hiineborn (Analysis Note: HABS temperature measurements, v2 https://wuw.overleaf.com/
project/64a69c57£63487ca657993cf), and is not a precise determination. More detailed measurements
of the source temperature are currently being undertaken as part of the PhD thesis of B. Mugcogllava.
We encourage referring to these when available. We do not cover problems related to uncertainty in 7" in
detail in this thesis.
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Our base assumption was, that ag does not scale strongly with temperature. This
was required for our extrapolation approach to secondary extraction of atomic H data
described in Section 8.2.2. Given the errors, this assumption is still roughly compatible
with the measured values. However, both the quality and number of data points are
insufficient to say this definitively. By disregarding a single data point one might easily
claim no measured trend with temperature if disregarding the 1517 K datapoint, or a
strong downward trend with temperature if disregarding the 739 K. Measurements at
additional temperatures in the range 400 K to 1600 K as well as repeat measurements to
establish more reliable error estimates and potentially better understanding of systematics
in Ty would be necessary for a more definitive conclusion.

For atomic H heating power extraction in this work we stick to the assumption of
an ap that is constant with temperature. Since we have to extrapolate to temperatures
where Hy dissociates, we must make some assumption for the functional behavior with
temperature. The assumption of constant a g is the simplest and current data presented
in figure 8.6 is not clear enough to recommend a different approach.

This simplified approach could induce a significant systematic error in Pp, as re-
constructed by extraction fits according to Equation (8.17) (pessimistically as much as
~ 30% judging from Figure 8.6). Since the P is significantly larger than Pycam_gas in
all atomic H datasets we present in this thesis, the systematic error this would carry
forward in the extracted P, can at least be expected to be smaller in relative terms
than the error in the Pcam gas reconstruction.

An accurate measurement of ag(7T) would constitute an absolute calibration of the
wire detector in the sense that one could directly relate the flow of Hy in the beam
D, to the signal measured on the wire detector, at least within the context of the
model described here. This would allow in principle for measuring the flux of Hy from a
source with unknown flux. We mention this because, while measuring the total flux of
Hs is easily accomplished in the testing setup, the analogous problem for atomic H is
non-trivial though it would be very useful.

The corresponding absolute calibration for mixed H and Hs is not currently possible.
There are two hurdles to such an absolute calibration. Firstly, we have no source of
a pure H on which to calibrate the absolute calorimetric efficiency ... of the detector
in this case. Secondly, in the case of the mixed beams as we produce them, there
is a degeneracy between the dissociation fraction agissoc and calorimetric efficiency of
recombination heating (e = 7' Brec described in Section 5.5.3). Both are included
as factors in the model for recombination heating (I Equation (8.6)) and cannot be
independently measured by any measurement of the kind presented in this thesis. A
calibration measurement with a beam where agigsoc can be separately determined would
in principle allow for measuring 7,.. at least for that particular gas temperature and
atom flux density. If 7. could be shown to be well approximated as a constant in the
relevant parameter space this would constitute a global absolute calibration for the wire
detector that would allow for directly measuring the absolute flux density of H from
an unknown beam. We explore absolute H flux determination and current limitations
further in Section 8.6.

8.4 Atomic Beam shape scans

8.4.1 3-temperature-point method at 1sccm

In this section we measure the shape of the atomic hydrogen component of a hot beam
using the 3-temperature-point (3-T-P) extraction procedure described in Section 8.2.
Figure 8.7 shows data taken when flowing 1 sccm (4.48 x 107 molecules/s) of hydrogen
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through the HABS at three capillary temperatures T}, ~ 298 K, T},;q ~ 1277 K and
Thigh ~ 2211 K. The beam distribution is measured by sweeping across the hydrogen
beam with the wire detector by means of the translation stage on which it is mounted.
The range of z-positions represents the full range available in the limited space of the
vacuum chamber. To avoid an impact of time-dependent effects over the measurement
period of many hours, data at the different positions are acquired in non-consecutive
order.
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Figure 8.7: Power detected on the wire after primary extraction (Ppeas) at 1sccm for room
temperature, a non-dissociating medium temperature, and a high temperature where atom
production is expected. These data sets are then used in the secondary extraction procedure,
to yield the effect of recombining atoms on the surface. Negative detected powers indicate a
net cooling of the wire, which is identified with the cooling due to gas pressure increase in the
detector chamber induced by gas flow from the source. (fokgd_gas)-

As seen in Figure 8.7, room temperature measurements initially yield a negative net
heating power. This is because at this low temperature the beam imparts no significant
heating to the wire, but it still fills the vacuum chamber with gas such that the pressure
rises. This room temperature background gas cools the wire, since the wire reaches
~ 70° C in the center due to being heated by the measurement current. Both effects are
described in Section 5.

At medium temperatures (1277 K in Figure 8.7) there is a slight heating on the
order of 300nW which can be seen to be higher when the wire is centered under the
source (2pos &~ 1.5 mm). This can be accounted for by a beam of hot molecular Hy which
transfers some of its thermal energy to the wire when hitting it (fheam gas)-

Finally at high temperatures (2211K in Figure 8.7) larger than the dissociation

89



threshold temperature, the beam contains a fraction of atomic hydrogen. This is the
primary signal we are looking for, and can account for the much larger pW-scale peaked
signal in the high temperature power data plotted in blue. The high temperature dataset
shows a larger signal than can be explained by the increased thermal “beam gas” heating
indicating the detection of recombination heating due to atomic hydrogen.

These three data sets are combined using the procedure described in Section 8.2.2
using Eq. (8.16) to determine the heating power due to recombination heating alone.
The resulting extracted values are plotted in Figure 8.8.
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Figure 8.8: Extracted heating power attributed to recombination (Pre.) for a flow of 1sccm
at 2211 K source temperature, shown over the range of positions the wire was placed at. The
optimized beam shape model is plotted alongside the data and the values of the best fit parameters
are shown in the inset table.

The model from Eq. (8.5) is then adapted for fitting to the extracted recombination
power data. An offset power Py, to account for a residual background, as well as a
positional offset zg are introduced. The necessity of this can be seen in Figure 8.7, where
the zero of the z-axis does not initially line up with the center of the beam. The resulting
final fit function is given by

Prec(zpos + 20; lefr, A, P, dch) =
. cos®(0(z, Zpos + 20)
A dxdwire .]HABS(Q('Ia Zpos + ZO); leff, dch) : nwire(l‘) 2
wire y()
+ P . (8.21)

Figure 8.8 shows the fit applied to the final extracted data. As previously described,
the parameter A is effectively just a vertical scaling parameter, while Py and z translate
the fit in the direction of the y and x plot axes respectively. l.g determines the shape of
the beam’s distribution as described in Section 4.1.1, and d., determines the angles at
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which the beam is cut off by the HABS shroud as described in Section 4.1.2. The units
of the fit parameters as they are reported in the figure and the rest of this thesis are
given in Table 4.

Symbol Description Unit
A Scaling parameter W
Py Offset power uW
20 z-axis position offset mm
g Capillary effective length [length of. free m.olecular flow] mm
[capillary diameter] mm
den Distance: capillary to HABS shroud mm

Table 4: Fit parameters and the units in which they are reported throughout this thesis, and in
particular in the insets of plots showing fits.

This fit yields a value for the shape parameter log, which allows us to reconstruct the
beam intensity profile at the exit of the HABS. The resulting jyaps as per Eq. (4.1) is
shown in Figure 8.9 alongside an error band. The error band results from calculating
JuAaBs (lef) for the values log shifted up and down by the fit error on leg. The error band
deviation is zero at the center and at the edges by construction of the model, since it only
shows relative flux. Any changes in flux scaling (errors in A) and background offset (errors
in Py) are external to this model. They would be important for a measurement of absolute
flux, but not relative flux as is presented in this work. This example demonstrates that
the procedure presented allows for measuring the shape of the original beam to better
than 5% precision, relative to the central intensity, at any point along the distribution.
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Figure 8.9: Reconstruction of the underlying beam shape model jgaps, including both the effects
of the theoretical beam shape emitted from a long tube, as well as the truncation of the edges due
to shadowing of the beam by the source shroud, both as described in Section 4.1. The uncertainty
on the extracted beam model is illustrated by propagating the fit errors the beam parameters log
and d. through the model in maximally correlated form. This illustrates a reconstruction of the
beam as it exits the HABS to better than 5% precision, relative to the central intensity, at any
point along the distribution.

8.4.2 Systematic errors from temperature selection

For the 1 sccm flow setting we took additional z-scans at additional intermediate tem-
peratures below the dissociation threshold. Additional scans were not taken for every
flow setting due to time constraints in the availability of the setup. Each of the z-scans
with 38 positions requires about 80 hours to measure with the procedure presented in
Figure 8.2, such that the 6 datasets in Figure 8.4 represent over 20 days of runtime alone.
The three-temperature-point method presented in this thesis is a deliberate minimum of
runtime, to make it possible to search in other parts of the parameter space, such as flow.

We use the additional z-scans to gauge possible systematic deviation in fit parameters
due to the arbitrary choice of temperatures below the dissociation threshold we used
to fit Eq. 8.15. The secondary extraction procedure (Section 8.2.2) is performed using
all possible combinations (containing between 2-5) of the non-dissociating temperature
setpoints (the set 1518 K, 1277 K, 1022 K, 739 K, 298 K). The sole dissociating tempera-
ture setpoint 2211 K must of course always be included as Tj;q4p. The resulting extracted
powers are then fit with Eq. 8.21. The resulting l.¢ fit parameter of all 26 combinations
is shown as a histogram in Figure 8.10. The result of the three-point-method (3-T-P) as
used in this thesis is shown in green along with its error band. Similarly the result of
the extraction and fit based on all 6 available datasets at once (6-T-P) is shown in blue.
The extracted recombination power and its fit are shown in Figure 8.11. The value of
lef = 4.62 £ 0.38 is statistically compatible with the three-point-method result previously
discussed.
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Figure 8.10: Histogram of fit parameter log when using all possible combinations of the sub-
dissociation datasets to fit Py, (Eq. (8.15)). These use between 3 and 6 total data sets when
including the high temperature 2200 K dataset. The results of the fits using data sets at all 6
available temperature points (6-T-P) at once (Figure 8.11) and one example of three-temperature-
method (3-T-P) as presented in Section 8.4.1 (Figure 8.8) are displayed with error bands.

This histogram is an imperfect proxy for systematic error due to temperature setpoint
selection. The entries are clearly not entirely statistically independent as only 6 indepen-
dent datasets exist. It is therefore unsurprising that the histogram does not approximate
a normal distribution well. Nevertheless it illustrates that three-point-method using the
2211 K, 1277 K and 298 K datasets presented in this work is a reasonable expedient.
For the systematic error bar displayed in Figure 8.14 we use the span of all results for
log after excluding the outlier at 5.31. This outlier is produced when extrapolating
from the 1277 K and 1022 K datasets. It is perhaps unsurprising, that using datasets
that are adjacent in temperature are more prone to large variation due to their shorter
temperature baseline. The resulting span of values for log is 3.48 to 4.91, which leaves
the three-point-method result of l.g = 4.31 4= 0.22 well centered within. This span is
plotted in orange as a systematic error bar in Figure 8.14.
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Figure 8.11: Extracted heating power attributed to recombination (P.) for a flow of 1sccm
at 2211 K source temperature, shown over the range of positions the wire was placed at. The
optimized beam shape model is plotted alongside. Pp,(Eq. (8.15)) was determined using all
available z-scans below the dissociation threshold: 1518 K, 1277 K, 1022 K, 739 K and 298 K.

8.4.3 Additional lower flows

This section contains the results of the three-temperature-point method applied to data
taken at flows of 0.2 sccm and 0.05 sccm along with fits. The data after primary extraction
used for this analysis can be found in Appendix C in Figures C.1d and C.1c respectively.
The method is equivalent to the procedure demonstrated for a flow of 1 sccm in Section
8.4.1. The resulting values for l.g are included in Figure 8.14.

In Figure 8.12 we show the results of the beam model applied to P,e. extracted from
data taken with a flow of 0.2sccm. There is good compatibility between the model and
data in this case. As expected [l and A change with flow compared to the 1scem fit.
It is worth highlighting the small but significant deviation of Py from 0 W for which we
have no firm physical explanation as previously previously discussed in Section 8.3.2.
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Figure 8.12: Extracted heating power attributed to recombination (P.) for a flow of 0.2 sccm
at 2211 K source temperature, shown over the range of positions the wire was placed at. The
optimized beam shape model is plotted alongside. Pp,(Eq. (8.15)) was determined using z-scans
1277 K and 298 K.

In Figure 8.13 we show equivalently analyzed results for a flow of 0.05 sccm. This time
the fit residuals are not as evenly distributed around the model. For example, there is a
cluster of 7 negative residuals for measurements taken at angles of 0° < 6 < 8° followed
immediately by a cluster of 9 positive residuals between 8° < # < 21°. Collectively, this
suggests that there is a small but statistically significant systematic effect we have not
accounted for affecting this data set. If such an effect persisted when repeating this
measurement, it may be worth following up on.

We have taken data from other flow settings, but do not have enough temperature
setpoints, or data of sufficient quality to apply the three-temperature-point method. See
Appendix C and D for this data and more rudimentary analysis methods applied to it.
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Figure 8.13: Extracted heating power attributed to recombination (Pye.) for a flow of 0.05sccm
at 2211 K source temperature, shown over the range of positions the wire was placed at. The
optimized beam shape model is plotted alongside. Pp,(Eq. (8.15)) was determined using z-scans
1277 K and 298 K.

8.5 Effective length over flow

The same three temperature scan procedure as illustrated in Section 8.4.1 has been
performed for beams at 0.05 sccm and 0.2 sccm flow. This provides overlap with the
lower flow regimes probed by Tschersich et al. [40]. Values for l.g listed in Table I of
that work are compared to the ones produced by this work in Figure 8.14. Extending
the range of flows measured with the wire detector is the subject of ongoing work.

The two works provide values that are roughly compatible. In either case, the effective
length of transparent flow is measured to increase with lower flows, which matches
expectations, as lower flows correspond to lower densities in the capillary. Tschersich et
al. [40] do not quote errors on their log values. Additionally, while their source is very
similar to the source used in this work (Section 4.1) and indeed is a prototype of the
same, it is not exactly equivalent, especially in the precise geometry of its housing. They
also operate their source at higher temperatures, although we do not expect this to have
a significant direct effect on log.
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Figure 8.14: Comparison of fit parameter l.¢ for the atomic hydrogen portion of the beam at
three different flows using the methods described in this work to values from Table I in Tschersich
et al. (2000) [40]. No error estimation is available for the sourced log values. Plots showing fits in
this work for 0.05 sccm and 0.2 sccm are available in Section 8.4.3. The orange error bar is the
span of l.¢ when datasets at different temperatures are used to determine Py, (see Section 8.4.2
for details).

8.6 Absolute atom count limits
Solving Eq. (8.2) for the unknowns, we get

A
(I)in . Erec.
Of these A is determined by fit, ®y, is controlled and measured by the mass flow
controller, and E,e. is known from literature. This leaves an ambiguity between agissoc
Nrec DOth of which must be values between 0 and 1. We can therefore determine lower
limits for either agissoc OF Mrec Dy setting the other to its maximum possible value of 1,
ie.:

(8.22)

Qdissoc * Tlrec =

o> A

dissoc = (I)in ] Erec .

The resulting lower limits , based on the 3-temperature-point datasets at 0.05sccm,

0.2sccm and 1scem presented in previous sections, are plotted in Figure 8.15 along with

the results of values for agissoc determined using other methods and data taken with mass

spectrometers. The mass spectrometer methods carry different systematic uncertainties,
which are not accounted for in the displayed error bars.

(8.23)
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Figure 8.15: Values of the dissociation fraction agissoc determined for the HABS using 4 different
methods. The lower limit values based on wire detector measurements presented in this thesis
are shown as blue arrows, where the height of the horizontal bar at the bottom is the statistical
error on the limit value, while the arrow indicates the fact that it is a lower limit with the true
value anywhere between it and 1. The black downward triangles indicate mass spectrometer
based values taken from Fig. 6 in Tschersich et al. [40] at 2200 K and include no error bars.
The red upward triangles and green circles two different mass spectrometer based measurements
performed in Mainz reproduced from A. Lindman’s PhD thesis (Section 45, [57]).

We reproduce the “Mainz”, mass spectrometer values for agjssoc from the PhD thesis
of Alec Lindman (Section 45, [57])26, we will describe the methods used only very briefly
and refer the reader there for additional details. Both the “T'schersich” and the “Mainz,
H production” datasets measure the relative intensity of atomic H flux by counting the
number of particles the mass spectrometer measures with a mass-to-charge-ratio of 1.
They measure this at various temperatures between 300 K to 2600 K and then compare
to a theoretical model to extract agissoc-

The “Mainz, Hs reduction” measurements are instead calculated by measuring the
reduction in Hy counts measured by the mass spec as a result of the dissociation of
molecules into atoms. While this method is conceptually simple, accounting for the
background change in counts at a mass-to-charge-ratio of 2 as a function of source
temperature irregardless of dissociation has proven to be rather challenging. While this
is not the focus of this thesis and the analysis presented here, we will point out, that this
is likely to cause systematic uncertainties potentially in excess of displayed error bars.

26 A, Lindman’s thesis also contains values for cuissoc based on the same wire detector measurements,
but based on outdated analysis. The values presented here can be considered more rigorous.
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Once again refer to Section 45 of A. Lindman’s thesis [57], for the details on the mass
spectrometer based results as presented here.

“Mass Spec., Tschersich” data is read from Figure 6 in [40] at 2211 K. It is worth
noting that wire detector data is taken at an estimated temperature of 2211 K, and the
“Mainz” mass spec data has an estimated reference temperature of 2230 K. Referring again
to [40] this range of temperatures may result in as much as a 5% relative change in aqgissoc-
In addition, these reported temperatures all carry potentially significant calibration
differences. We do not account for or display these systematics in Figure 8.15. While
temperature differences are unlikely to explain the differences in reported agissoc 0n their
own, it is a notable contribution to the difficulty of reliable comparison between methods.

We can conclude however, that values of agjssoc based on wire detector measurements
are compatible with previous measurements of a similar source using different methods.
Given that we conservatively only report lower limits and therefore include a wide range
of possible values for agissoc between this limit and 1, this is perhaps not especially
impressive. Nevertheless, as the goals of our source development for Project 8 are
primarily to produce as many hydrogen atoms as possible, a lower limit can still be used
to determine with certainty whether a given source produces a sufficient number of atoms
so long as the lower limit is already above the required number.

In Figure 8.16 we present the total atom flux as calculated from the agissoc values
presented above using the Equation:

(IDat =2 Qdissoc * (I)in (824)

where ®;, is the total flow of molecules through into the source. This calculation
assumes, that agigsoc 18 a good estimate for the average dissociation fraction across the
entire beam distribution. In the case of wire detector measurements, this is a well
founded assumption, since measurements are taken spanning the entire beam. Data from
Tschersich equivalently spans the entire beam geometry. However the mass spectrometer
measurements at Mainz were only performed on axis, and therefore carry additional
uncertainty. Judging from both wire detector data presented here and Tschersich data
we do not expect agigsoc t0 change significantly over the beam distribution, at least for
the relatively high flows presented here.
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Figure 8.16: Total atom flux calculated from agissoc values as presented in Figure 8.15 using Eq.
(8.24). The dashed line indicates the number of atoms that would be produced at a dissociation
rate of 100%. The height of the horizontal bar at the bottom of the blue wire detector arrows
indicates the statistical error on the lower limit, while the arrow indicates the fact that it is a
lower limit with the true value anywhere between it and the dashed line. Includes data reproduced
from Tschersich et. al. [40] and A. Lindman (Section 45, [57]).

In combination, the analysis of wire detector measurements presented in Figures 8.15
and 8.16 show that in agreement with previous studies, the dissociation fraction cagjssoc
decreases as flow is increased, but slowly enough, that the total number of hydrogen
atoms produced still increases with increased flow. With our conservative lower limit
approach we can say with confidence, that using the HABS we can produce at least
4 x 10'6 atoms/s at a flow of 1sccm into the source.
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9 Known issues and Suggestions

In the following section we will present some unfinished concepts, for potential improve-
ments to the detector and analysis methods, that we recommend evaluating, but that
were not deeply investigated during the time available for this thesis.

9.1 Suggested detector changes
9.1.1 Installation of an aperture

The interpretation of wire detector measurements is made significantly more difficult
by the fact that it is an extended detector. Any resistance change in the wire must
be interpreted as a convolution of the heat source with the wire sensitivity integrated
over the length of the wire. For illustration of the problem recall Equation (8.5) for
recombination heating on the wire:

Prec(zpos; leff’ A) =

) cos?(0(x, zpos
A </ ' dz dyire 'JHABS(Q(xa zpos>; lef‘f) : nwire(w) : ((p)) .

ye

Here in order to determine the beam distribution jgaps we must have both a
parametrized model for the beam shape itself, as well as a model for the sensitivity of
the wire at any point 7yire- If we could instead use a point detector, the integral would
be reduced to a simple multiplication of the local beam intensity with a single, rather
than a position-dependent detector sensitivity. A true point detector is infeasible, since
it would have to measure an infinitesimal heating power. However, an approximation
might be made with the installation of a small e.g. 2 mm wide aperture to mask all but
the central portion of the calorimeter wire as illustrated in Figure 9.1.

Such a setup would reduce the effect of the convolution integral in Equation (8.5)
enough, that with reasonable approximation one could measure arbitrary beam shapes
directly, i.e. one could treat the relative intensity of the beam as measured by the wire
detector covered by an aperture as the relative beam intensity at the exact center of the
wire with only very minor distortion.

In addition the wire sensitivity 7wire would be essentially equal for all exposed parts of
the wire. As shown in Figure 5.15 the convex nature of 7yire() makes this approximation
particularly good in the center of the wire. 7yire could be treated as a single constant,
further reducing model dependence of the reconstruction and enabling, if desired, for it
to be absorbed into the fit parameter A along with the other calibration constants.

The chief downside of placing an aperture over the wire detector would be the
interruption of the beam. One of the primary drivers of the wire detector project, was
the idea that it could be used as a minimally disruptive to the beam disturbing less than
a thousandth of the particles in the beam. This disadvantage only matters if the beam
is used downstream of the wire detector such as in an on-line configuration of the final
Project 8 experiment. However, so long as the wire detector is used for development
work only and not in conjunction with further detectors downstream, this disadvantage
is irrelevant.

A secondary disadvantage of an aperture would be a reduction in signal, since some
atoms would be blocked from reaching the wire reducing the heating power on the wire.
However, since the wire detector is maximally sensitive in the center at a factor of more
than 2 times the average sensitivity a reduction of the effective wire length to 10% of the
total wire length (2 mm aperture size on a 20 mm wire) would still result in more than

101



Aperture

Figure 9.1: Sketch of a hypothetical aperture, which if mounted above the wire would reduce the
active portion of the calorimeter wire to just the central 2 mm.

20% of the heating signal. If we factor in, that the beam is also centrally concentrated,
the peak wire signal with the wire centered in the beam can be more than 30% the signal
size for the same beam and a fully exposed wire.

9.1.2 Increase detector travel range

In its current configuration the wire detector mounted to the z-translation stage can be
moved by 31 mm which equates to roughly 30° in the positive direction and —15° in
the negative direction. This range is just barely sufficient for reaching an out-of-beam
placement of the wire in the positive direction and is insufficient to do the same in the
negative direction, as can be seen on any of the beam fit plots such as Figure 8.8. This
means it is never possible to establish whether the beam is fully symmetric or whether a
stable background is measurable on either side of the travel outside of the beam.

This is not an inherent shortcoming of the detector itself, but the way it is mounted.
As shown in Figure 5.1 the wire detector board is currently mounted at an angle in order
to get it to fit underneath the HABS in the current source chamber configuration. Travel
is restricted on the inward side by the board colliding with the HABS on the inward side
and with the chamber wall on the outward side.

On future iterations of the detector, we recommend enabling a larger range of angles
relative to the source to be sampled with the wire detector if measuring beam shape is a
priority. This could be enabled with existing equipment, by moving the HABS up a few
centimeters to allow for the wire detector board to be laid flat such that traversing the
full 10 cm of travel available with the z-translator is possible without colliding with either
the chamber or the source. The tradeoff would be marginally reduced beam intensity in
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downstream chambers of the setup, most importantly at the mass spectrometer. This
should not be more than a 30% percent effect, if moving the HABS upwards by no more
than 3 cm.

9.2 Issues with flow switching

In its current form, measuring the heating due to the beam requires filtering out larger
background heat sources. As presented above, we currently use an off-on-off flow switching
pattern to extract just the heating due to beam related sources. Requiring this flow
switching sadly precludes the wire detector from serving as a true online detector for
changes in a nominally stable beam. There are a few ways we may get back some of this
utility at the cost of other trade offs.

The first method would be the use of a motorized beam shutter to switch illumination
of the wire on or off without switching the source itself on or off. This would fulfill a
similar function as the currently employed witching, with the difference, that it would
also shutter any heating due to thermal radiation from the source (P}, in Eq. (5.10))
which is usually very substantial. This means in analysis we would need at minimum
a reference measurement at equivalent source temperature but no flow, to quantify the
magnitude of P}, at every wire position and temperature. Naively it should be sufficient
to do this once at zero flow and then the same reference could be subtracted out when
comparing to any higher flow.

A downside of this method would be an unavoidable disturbance of the beam at the
frequency of the shutter, resulting in a pulsed beam downstream. Depending on the
precise layout of the shutter, it may not have to obscure the entire beam, or do so for
only very short periods of time, to enable a high duty cycle for the beam. Nevertheless it
still means the wire detector cannot operate with precision without disturbing the beam
substantially.

A less precise, but truly online solution might be, to use temperature sensors placed
on the wire detector PCB as reference thermometers for drifts in background temperature.
The current detector board has a Pt1000 resistive temperature sensor mounted to the
back edge (see Figure 5.1). Tentative efforts with existing data have shown that with
an appropriate calibration factor, changes in PCB temperature can be subtracted from
changes in wire temperature, to subtract out slow background temperature trends. It is
unclear what level of precision might be achievable with such a scheme, but it is currently
our only idea for using the wire detector without relying on a pulsed signal for constant
background trend subtraction. Since background trends in wire temperature are generally
much larger than signals, not eliminating them with one scheme or another is not an
option.

9.3 Suggestions elsewhere in the text

e Using temperature sensors other than the wire to subtract out background temper-
ature effects. See Appendix B.2.

e Using bakeout controllers to heat wire detector to known temperatures for calibra-
tion of Ry and a as proposed in 7.1.

e Fitting geometric parameters such as d., and zg globally over all datasets rather
than for every individual dataset. See Section 4.1.2.
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10 Conclusion

The Project 8 collaboration seeks to measure the beta decay spectrum of atomic tritium
with sufficient precision to measure the effective neutrino mass mg or through non-
detection to establish a new best lower limit of 40meV. Reaching such a lower limit
would definitively establish that neutrino mass hierarchy must be normally ordered.

To reach this goal, Project 8 pioneers the use of cyclotron radiation emission spec-
troscopy (CRES) of beta decay electrons produced by tritium decay. The required
statistical precision requires overcoming the low fraction of decays which occurs close
to the endpoint energy, where only ~3 x 10~ of the decays occurs within 1eV of the
endpoint, by observing a sufficient number of tritium decays. Furthermore, it requires
eliminating the smearing effect caused by the final state distribution of the decay of
tritium bound in Ty molecules by instead using unbound atomic T.

Project 8 will need fill a magnetic trap with a sufficient number of tritium atoms to
observe the required number of CRES events required for the targeted neutrino mass
sensitivity. To this end, we must develop an atomic tritium source of intensities on the
order of 10 x 10'” atoms/s.

The Mainz Atomic Test Setup (MATS) used in this thesis is part of this effort. In this
thesis, we describe the use of this setup to develop a calorimetric wire detector capable
of characterizing and monitoring atomic tritium beams. This detector, as described in
the preceding text, can in the future be used to evaluate changes made to atomic tritium
sources in the pursuit of developing a suitable source for use with the final experiment.
We also anticipate using it as a minimally invasive probe to monitor the beam during
operations of this final experiment.

As part of the design work on the detector, we simulate the thermal behavior of the
wire detector in response to arbitrary atomic beams. This simulation can be used as a
guide when aiming to improve the sensitivity of the wire detector.

The performance of the wire detector as built, was demonstrated by measuring
the relative intensity profile of the beam produced by the HABS which is undergoing
testing in the MATS. It is possible to reconstruct the underlying shape of the hydrogen
beam emitted from a capillary based on a theoretical model, showing that remaining
uncertainties are reasonably constrained. Good agreement with the theoretical model for
the relative distribution of the beam was demonstrated. This constitutes an independent
confirmation of this model. The beam shape parameters determined with the method
described in this work are compared to those measured for a similar source using a QMS
by another group [40] and are found to be compatible.

We cannot perform fully calibrated absolute intensity measurements, due to an unde-
termined proportionality factor for the fraction of available energy from recombination
that is transferred into the wire. However, it has been possible to place lower limits on
the measured atomic hydrogen flux, demonstrating that the calorimetric wire detector
can be used to measure hydrogen beams with densities on the order of 106 atoms/(cm?s)
with significant SNR HAR 50 ).

OAR
We have therefore demonstrated the preliminary suitability of the calorimetric wire

detector for characterizing hydrogen beam sources during further development as part of
Project 8. This thesis has revealed a number of areas in which the performance of the
wire detector might be further improved, and we encourage follow-up on the cataloged
suggestions in future work.
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Abbreviations

CMB cosmic microwave background. 6

CRES cyclotron radiation emission spectroscopy. ii, 13-16, 104
FSD final state distribution. 10, 11, 14

HABS Hydrogen Atomic Beam Source. ii, 17-19, 23-25, 33, 34, 46, 47, 75, 77, 8385,
91, 98, 100, 102-104, 114, 116, 134

IMO inverted mass-ordering. 4, 7, 9

MAC-E Magnetic-Adiabatic Collimation — Electrostatic. 10, 12
MATS Mainz Atomic Test Setup. 17, 104

MECB magnetic evaporative cooling beamline. 15
NMO normal mass-ordering. 4, 7
PCB printed circuit board. 26, 56-61, 66, 103, 116

sccm standard cubic centimeters per minute. 18

SNR Signal-to-Noise Ratio. 80, 104, 128, 132
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A Coordinate definitions

Z

wire plane

Figure A.1: Half-sphere axes definitions. The HABS capillary is indicated by the orange tube.
The wire is oriented parallel to the x-axis in the wire plane. It can be moved in the z-direction by
a translation stage. The distance to the capillary in the y-direction is fixed.

Following the diagram in Figure A.1 the relationship between cartesian coordinates
(z,z,y) and spherical coordinates 7,0, ¢ is given by

x rsinfcosp
z| = | rsinfsing (A.1)
Y rcosf

Note that z and y axis are deliberately switched from the standard definition of the
spherical coordinates. This is because internal working group usage had already been
calling the z-axis by that name because the translation stage (”z-translator”) that the
wire detector is mounted to is operating along this axis. Because this device is marketed
as a "z-translator” it was simpler at the time to retain this name for the axis. I do
recognize that in other contexts such as this one this arbitrary choice is instead more
confusing.
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An additional difference to convention is that y-axis points downwards beam is emitted
in the positive y-direction, even though this is the "down” direction.
The inverse transformation from (z,y, z) to (r, 6, ) is given by

Va2 + 22492
r y
=160 = | arccos | —————= ) (A.2)
/$2+22+y2

2 z
arctan | —
x

In the lower half sphere y > 0 this is equivalent to:
Va2 + 22 + g2
r \ /.’,13'2 + 22
g | = | arctan | ——
Y
¥ z
arctan (—)
x
which we will be using since it is more convenient for calculating # in the wire-plane for
constant y = yq.

(A.3)

A.1 Coordinate transform to the wire plane

For determining the fraction of a beam which hits the calorimeter wire we will need to
integrate in the zz-plane in which the wire lies. Since the source intensity jnorm (Eq.
(4.5)) is defined in terms of solid angles we will therefore need to derive an relation for
projecting any solid angle onto the surface of the xz-plane where the beam intersects the
wire. Based on the geometry sketched out in Figure A.1 and our axes definitions given in
Eq. (A.2) we can define the wire-plane-coordinates as an xz-plane at constant y = yo in
terms of the variables yg, 6, ¢:

x yo tan 6 cos
F=1z|=/|ytanfsiny | . (A4)
Y Yo

The surface element of the wire-plane (the zz-plane at the location of constant y = yo)
is described by

dxdz = dSy, = Hgg X g; de de. (A.5)
Calculating the partial derivatives, we obtain
COs ¢
- cos? 6 - — tan @ sin ¢
gg =y | Sing |, gr =yo | tanfcosp |. (A.6)
co%2 0 ¥ 0

And when plugging this into Eq. (A.5) and solving the cross product we obtain

dxdz = dSy, (A.7)
5 tand
=y ——-d0d A.
Yo cos2 6 ¥ ( 8)
o sin 6
=y5——=—-d0d A9
Yo cos3 6 12 ( )



which we can solve for an equivalence between differential solid angle df2 and a surface
in the projected xz-plane

3
dQ = sin 0d6dp = CW) dzdz. (A.10)
Yo

This equation tells us the size of surface area in the projected xz-plane that a unit of
solid angle is projected onto as a function of . We can substitute this expression into
any integral over 6, ¢ in the half-sphere to return an integral over x, z in the plane into
which it projects. For example, we can use it to write the normalization condition of the
beam profile jporm from Eq. (4.6) as

z 2
1= /2 / ].norrn(evleff)dQ (A.ll)
0 0
3 2w
= / / jnorm(97 leff) sin HdedSO (A12)

Jnorm (0, lest) cos” 9(95 ) dxdz. (A.13)
-1 (=)

Since we chose a rotationally symmetric jnorm model, neither the beam model nor dSy,
is dependent on . Thus we only have to define # in terms of the model parameters and
cartesian coordinates to carry out the integration over the plane. We use the definition
from Eq. (A.3):

2 2
0 arctan (H) (A1)
Yo
2 _ 2
= arctan <\/x * (ZZOS %) > (A.15)

with 2 = 2,05 — 20 defining the z coordinate in terms of the position of the z-translator
Zpos and zp the offset of the z-translator zero from the beam/coordinate centerline. Thus
we have defined an integral in terms of measurable quantities that we can actually carry
out over the area spanned by the calorimeter wire. In Section 8.1 we use integrals of this
type to calculate the fraction of particles from the beam that hit the wire, and thereby
obtain the heating power we can expect to measure.
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B Primary extraction equilibration and systematics

In this section, we discuss how we chose the parameters of the extraction scheme discussed
in Section 8.2.1. The goals are to minimize the runtime required and the impact of
systematic errors due to partial equilibration of gas flow and pressure as well as system
and wire detector board temperatures.

B.1 Gas flow and pressure

In our extraction process we repeatedly switch the flow through the source on and
off. This does not occur instantaneously, so we must allow for enough time for flow
through the HABS to equilibrate. Knowing the flow through the source is made more
difficult by the fact, that there are components of the gas system between the mass
flow controller and the source. The gas system is shown in simplified form in figure 4.3.
Most importantly as discussed in Section 4.1 the purifier downstream of the mass flow
controller act as a capacitor for the flow of hydrogen, and must be saturated before it
passes on the proper flow. For this reason, any measurement must be preceded by at
least a few minutes and usually hours at the lower flows of uninterrupted flow through
the hydrogen purifier, in order to fully equilibrate it. We do not show this equilibration
phase, but all data shown in this thesis is preceded by a long period of flow through
the source at the desired target flow. During the flow switching scheme, we then close
both the mass flow controller in front of and the pneumatically actuated valve behind
the purifier at the same time. This isolates the purifier at operating pressure, ensuring
a swift return to full flow. Nevertheless, there is still a non-negligible time for full flow
through the source to be established after switching.

To measure the flow through the source we cannot trust the flow as measured at the
flow controller for the reasons above. Instead we must rely on a downstream measurement.
We use a pressure gauge (PG6027) attached to the source chamber, which also contains
the wire detector as illustrated in Figure 4.1. Since pressure in the source chamber is a
lagging indicator for the flow through the source, if pressure is equilibrated, flow must
necessarily already be equilibrated as well.

In Figure B.1 we show the pressure response when switching a 1sccm flow on and off
for 10 minutes at a time. This is deliberately a longer time than the 5 minute interval
we use during regular measurements, to clarify, that chamber pressure and therefore
flow is fully equilibrated by the time we sample the wire detector. The sample window
used for extraction is shown as an orange region in Figure B.1. We also calculate the
average pressure in this window for numerical comparison to later measurements with
faster switching intervals.

2"This is a Pfeiffer HPT 200 Gauge
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Figure B.1: Pressure in the source chamber as measured by PG60 during flow switching tests. A
flow of 1sccm of Hydrogen is turned on at 0 and 20 minutes and turned off at 10 and 30 minutes.
The pressure reaches equilibrium roughly 2 minutes after being turned on and reaches a negligible
relative pressure slightly faster after being turned off. The region shaded in orange indicates a
window from 2.5 to 4.25 minutes after flow is switched on, and the regions shaded in blue are
the equivalent time frame after flow is switched off. These are the sample window we use during
normal operations as for extraction of the wire resistance change. The average of the flow on
windows is marked with a red horizontal line, and the average of the flow off windows with a
similar dashed line.

Faster switching intervals are desired for reducing measurement time, but also for
suppressing the effect of changes in background temperature, which will be discussed in
Section B.2 below. In Figure B.2 we show pressure measurements during flow switching
operation using the 5 min intervals used during regular extraction for flows of 1sccm and
0.01 sccm. Pressure was recorded in 10 second intervals and the pressure usually jumps
from its baseline to about 85% of its equilibrated pressure with flow on within the time
of the first 10 second polling interval after flow switching. These examples show that a 5
minute interval is sufficient to get pressure (and therefore flow) equilibration to within
approximately 1% of final values within the sample windows for the flow range used in
this thesis. Repeatability of the pressures reached is also approximately 1% in these
examples, and is never worse than 5% in any dataset we have analyzed.

An additional conclusion from the comparison of 1sccm and 0.01 sccm data shown
here is that, after subtracting the flow off background pressure, pressure in the chamber
scales linearly with flow to within 1% precision. This corroborates that the pressure
measurement is a reasonable proxy for the actual flow through the source.
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Figure B.2: Pressure plots equivalent to Figure B.1 but this time for flow switching intervals of 5
minutes at 2 different flows. Pressure data was recorded every 10 seconds. A comparison shows,
that a 5 minute interval is sufficient for reproducing equilibrated pressures at 1% precision in
these cases.On the right we show that at the much lower flow of 0.01 sccm reproducibility is still
of similar quality and When subtracting the flow off background pressure the pressure also scales
with flow to within 1%. Both these datasets are takesn with the wire detector positioned fully
outside of the beam at z=20 mm.

B.2 Detector board temperature equilibration

In this Section we will discuss efforts to mitigate indirect effects on the wire detector
signal from temperature drifts in its surroundings. These are not accounted for explicitly
in the net heat flow on the wire as described in Section 5.3. They are included as various
background temperatures: Tcpamber the temperature of the chamber and by simplification
the gas within it, T},0a:q the temperature of the wire detector PCB, and Tyaps the
temperature of the source. In the simulated model all background temperatures (i.e.
except for the wire temperature itself) are always treated as constant throughout a single
simulation. Effects of feedback, such as a potential heating or cooling effect of a gas
loading on the chamber and detector board are not included.

In the following we will show that reducing the flow switching interval reduces
systematic errors due to inclusion of periodic background temperature changes due to
gas flow. We will also propose potential ways in which one might subtract out measured
background temperature changes in future analysis.

B.2.1 Detector board temperature oscillations

In Figure B.3 we once again show data from the same 1sccm, 10 min switching interval
measurement as in Figure B.1, but here we show simultaneous measurements with the
wire detector, and the Pt1000 temperature sensor located on the detector board (See
Figure 5.1). The wire detector positioned outside of the beam (zpos = 20mm) and the
HABS is not heated and is therefore at approximately room temperature. We plot the
resistances of both the detector wire and the Pt1000. Since both of these are used to
detect changes in temperature by means of measuring their resistance, we can convert
both into a measure of their temperature, which we plot as a secondary axis. For the
wire, we use the average temperature as previously defined by Eq. (7.2) , while for the
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Pt1000 we use a standard conversion formula® to convert between Rpiigoo and Thoard-

e Wire
Extraction sample windows e PG60 ]
le-5
- o 2tV on®,
55 795 77.33 /‘,, 7l G .
55.7001 77.32 S Pl 5
® g / Q | R o [VE
‘—'m 55.675 1 v77.31 "ﬂ ,J . . 8
: E \ £ [0s
~ 55.650 1% N f \ ' 7
77.30 ~ \\ : 0.5 6{3
55.625 | N e It
77.29 o g 0.0
55.600 -
_ —_ +1.096e3
o [} N
= 24.75 A - 0.4 / \ _®  Pt1000 r
o S s
$24.701 £ 0.2 o N~
-10 0 10 20 30

Time from first flow switch [min]

Figure B.3: Wire detector response to flow switching in 10 minute intervals at 1sccm and the
source at room temperature . Wire resistance and equivalent temperature T,y as defined in 7.2
plotted with the source chamber pressure as a proxy for gas flow. In the lower third we show
an additional axis showing the temperature of the wire detector PCB T},0a:q as measured by a
Pt1000 sensor. The key observation is, that the wire and board temperatures continue changing
in phase with each other long after a stable chamber pressure is established.

In this situation, our model expects the only direct effect of turning the beam on
should be an increase in background pressure, which in turn linearly increases cooling
due to Phigd gas (See Eq. 5.43), lowering the wire temperature. In Figure B.3 we see this
anti-correlation of pressure and wire resistance, which causes an initial fast change in
wire temperature when flow is switched.

However, we also see an additional slower long term trend of both wire and Pt1000
resistance which persists the full 10 minute interval beyond the equilibration of chamber
pressure. We interpret this as cooling effects either due to or at least correlated with the
gas pressure, which do not directly affect the wire, but instead its surroundings such as
the detector board as measured by the Pt1000 and potentially also the chamber walls, the
temperature of which is not measured here. In any case the changes in T},0.:q Occur much
slower than the direct effects on the wire, with equilibration not reached within the 10
minute intervals. Changes in the temperature of the wire’s surroundings, would in turn
change the equilibrium temperature of the wire due to the effects of P.onquction, Prad and
Pixed gas, that are in various ways related to the temperatures of the wire’s surroundings
(see Section 5.3).

Simply waiting for full equilibration of T},0,:q potentially for as much as an hour per
measurement is not a good option for a number of reasons. Firstly, including long term
equilibration, which is evidently not correlated with gas flow as measured by the chamber

28 According to TEC 751: For the range -200 °C to 0 °C: R(T) = Ro[l + A-T+ B-T? 4 C(T —100°C)T?)
and for the range 0 °C to 850 °C: R(T) = Ro[l+ A-T + B - T? with A = 3.9083 - 1073(°C) !,
B=-5.775-10"7(°C)™2, C = —4.183 - 107'2(°C) ™, and Ry = 1000 Q the Resistance at T = 0°C
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pressure, is not the goal of our measurement. We care principally only about the effect
of the beam on the wire; everything else is a nuisance effect which we aim to removed.
Secondly, since we want to use the extraction process to remove non-periodic background
temperature changes as well, waiting for full equilibration of T},0.;:q means unrelated
changes in background temperature which regularly cause changes far in excess of the
periodic ~0.08 K changes seen in Figure B.3 are much harder to account for. Finally
waiting for full equilibration stretches measurements to prohibitive lengths, meaning
fewer measurements can be performed with the same setup.

B.2.2 Shorter 5 minute intervals at 1 sccm
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Figure B.4: Flow switching in 5 min intervals at 1sccm and the source at room temperature K
with he detector placed at 2 different z-positions. The plots show simultaneous measurements
wire and board temperatures and chamber pressure as a proxy for gas flow.
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Figure B.5: Flow switching in 5 min intervals at 1sccm and the source at 2210 K with he detector
placed at 2 different z-positions. The plots show simultaneous measurements wire and board
temperatures and chamber pressure as a proxy for gas flow.

Figure B.4 shows changes in both wire and board both for 1sccm flow switching with
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a room temperature source. Of these Figure B.4a shows entirely equivalent settings as
shown in Figure B.3 except that the flow switching interval is shortened to 5 minutes.
Shortening the flow switching reduces the oscillations in board temperature. For equivalent
settings of 1scem of flow with the source at room temperature and the wire positioned
out of the beam (z = 20mm), oscillations in T}parq are reduced from ~80mK for 10
minute switching intervals to ~20mK for 5 minute switching, corresponding to an
induced change in wire resistance ARyire of 223 mf) and ~6 m{2 respectively. Using
the calibration function k = % ~ 7.2 [uW /)] as determined in Section 7.3 we can also
express this systematic error in terms of the heating power measured by the wire of
~170nWQ and =40 nW{Q respectively.

The change in magnitude of the board temperature oscillations suggests a super-linear
scaling of the oscillations with flow switching interval length. This is consistent with a
thermal equilibration process, as for such an exponential process, the rate of temperature
change is larger, when the target equilibrium is further away. A longer switching interval
gives more time for the system temperature to change, such that upon switching the flow
back the target equilibrium is then a larger temperature change away, which increases the
rate of change in temperature. Multiplying a faster rate of change, with a longer time for
temperature change results in a superlinear increase in the amplitude of the temperature
oscillations. Keeping the flow switching intervals as short as possible is therefore an
effective way of suppressing this systematic error. In fact it may be reasonable to shorten
the interval even beyond the 5 minutes we currently use in future if this effect is deemed
to be of a relevant size.

A comparison to the extracted measured powers for 1sccm shown in Figure C.le
shows that the maximum measured powers are ~1.3 yW when the wire is located centrally
under the source at 2210 K. This means the induced equivalent heating effect of =40 nW{2
due to the board temperature changes are approximately 3% of the maximum signal.
For the derived quantities such as the absolute flow limit the effect size compared to the
maximum value is the relevant quantity.

For the individual extracted powers, the relative effect can of course be much larger
for those data points, where only small or no net heating is otherwise measured. See for
example Figure B.5a, where the temperature drifts induced by the board temperature
changes are of equivalent size to the nearly instantaneous change in wire temperature
when flow switching. Note also, that in this case with the source at 2210 K the oscillation
in board temperature is actually phase shifted by half a period compared to the measure-
ments with the source at room temperature. The flow on / high pressure segments now
have increasing board temperature rather than decreasing ones. While we cannot estab-
lish this with certainty, this may be caused by the additional heat transported into the
chamber and to the board by the hot and partially dissociated beam. The measurement at
Zpos = 20 mm puts the wire outside of the line of sight of the source capillary, however the
detector board is actually fully inserted in this position, receiving the maximum heating
from the source. This is also the reason, why the baseline temperatures of both the wire
and the board are highest here (at 118.7 K and 83.05 K respectively). Figure B.5b shows
an equivalent measurement with the source hot and the wire centered under the source
(2pos = 1.5 mm). Here we see, that the previous board temperature oscillations of ~20 mK
are small compared to the maximum heating signals of ~ 600 mK = 220mQ = 1.3 yW
produced by the 1sccm beam acting on a centered wire. The T},0,:q measurements in
this particular case are also not dominated by periodic oscillations, but by a longer term
background trend of ~70 mK over the time range shown. The oscillations in this case are
also at most ~10mK. It is not unusual for background trends to be larger than periodic
oscillations, however non-periodic trends are well accounted for by the extraction process
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which fits the background with a quadratic function. The previous examples shown here
were deliberately selected from the available datasets, for conditions, were the periodic
flow induced oscillations are dominant. Examples shown in following sections are often
more dominated by non-periodic background trends.

For the extraction process as presented in Section 8.2.1 we simply accept the ~ 3%
systematic error on extracted heating power as small enough to be neglected for the
conclusions we draw in this thesis. However in the following sections we briefly outline
ways in which this systematic might be further suppressed in future investigation.

B.2.3 Equivalent sample measurements at lower flows

In this section we show raw data with equivalent settings as in the previous section,
except at lower flows. This is to show, that periodic oscillations decrease in magnitude
for lower flows, but slower than linearly with flow. The 0.05sccm examples in Figure B.6
still show oscillations in Thearqg With an amplitude of ~5 mK and the 0.2 sccm examples
in Figure B.7 show oscillations with amplitudes of up to 20 mK. At this point we do not
attempt to explain this relationship, but we encourage follow up investigations in this
regard if suppressing this systematic becomes a priority.
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Figure B.6: Results of flow switching in 5 min intervals at 0.05 sccm. The plots show simultaneous
measurements wire and board temperatures and chamber pressure as a proxy for gas flow.
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Figure B.7: Results of flow switching in 5 min intervals at 0.2 sccm. The plots show simultaneous
measurements wire and board temperatures and chamber pressure as a proxy for gas flow.
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B.3 Further Background temperature change mitigation strategies

In this Section we briefly discuss potential mitigation strategies for the effects of back-
ground temperature changes (as measured by T}oard) on the wire. The showcase below
should be treated as exploratory rather than fully rigorous. We do not adopt any of these
for the analysis in this thesis, but invite future work to explore them further if required.

B.3.1 Subtraction schemes

A possible way to eliminate the effect of board temperature changes on the wire detector
might be to simply subtract Tioarq from the wire temperature T,ys. Such a scheme
requires, that both temperatures are accurately calculated, and that changes in T}oarq are
a good proxy for all external temperatures , i.e. both Tihampber and Thoarq in our model,
as we do not have an independent record of T amper fOr the measurements presented.
Under the assumption that all external temperatures change by a small amount (< 1K)
we would expect the wire temperature to change by the same amount.

It turns out however, that a simple subtraction of T},0.rq does not yield best results,
and instead

AT = Tavg -C- Tboard7 (Bl)

with a parameter value of C' = 0.77 yields best results in terms of producing a quantity
that changes in proportion to the pressure in the source chamber. In Figure B.8 we once
again show this with the same 10 minute flow cycling example at 10 sccm and the source
at room temperature. Since the source and chamber are cold compared to the wire, a
higher pressure leads to a lower wire temperature, but otherwise this partial subtraction
of Thoara produces excellent (anti-)correlation between AT and source chamber pressure,
with flat plateaus in regions of stable pressure.

The proportionality factor of C' = 0.77 has been previously empirically seen in Figure
7.5 for the base resistance of the wire in relation to Tpearq. It is plausible, both could be
explained by the same underlying physical cause, as in both cases R and T are connected
via the same relation given by Eq. (7.10):

ARy = Ro(T = 25°C) - (1 + a - AT),

where altering either the temperature coefficient of resistivity a or the presumed wire
temperature T by a factor C' = 0.77 would make the equation mathematically compatible
with the observations. We do not however have a reliable physical explanation for why
this might be appropriate.

In Figure B.9 we show an example of the subtraction method applied to data taken
with the source at ~2200 K switching with our minimum reachable flow of 0.002 sccm.
This example illustrates that under favorable conditions, the subtraction method can
used to remove background trends many times larger than the signal we are looking
to resolve. In this case the beam switching signal is less than 10 mK, while the board
temperature changes by more than 250 mK. It should be noted that the extraction
scheme as presented in Section 8.2.1 is also able to remove the non-periodic temperature
background trend to extract a resolvable signal. Indeed, the result of this extraction
based on the same raw data as shown here is presented in Figure C.la. However the
subtraction method as presented here has the advantage, that it could be applied in an
on-line fashion to data as it is collected, rather than as a post data taking analysis step.
This would be useful as instant feedback when working with the atomic beam in the lab.
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Figure B.8: Wire detector response to flow switching in 10 minute intervals at 1sccm and the
source at room temperature . The wire response is expressed in terms of the difference to the
detector board temperature as defined in Eq. (B.1). In the lower third we show an additional axis
showing the temperature of the wire detector PCB T},0a:q as measured by a Pt1000 sensor. After
subtracting out the board temperature modified by a factor of 0.77 the wire detector response
mirrors the pressure data as expected, with stable plateaus where the pressure is also stable.
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Figure B.9: Wire detector response to flow switching in 5 minute intervals at 0.002 sccm, Tyaps ~
2200K, zpos = Omm. On the left we present the raw data and on the right the modified

temperature difference after subtraction of the detector board temperature as defined in Eq.

(B.1). This example illustrates that very small periodic beam signals can be isolated by subtracting
out much larger trends in the background temperature as measured on the board.

Not all effects are equally well subtracted out however. It seems, that slow processes
are well removed by the subtraction scheme, but fast changes in T},0.:q are usually not
entirely removed when subtracting from the wire temperature Tiy,.

An example for 1sccm flow switching with a hot source is shown in Figure B.10.

Around the 10 minute mark there is a sharp increase in both board and wire temperatures,
and even after subtraction, the baseline temperature in AT remains bumpy. A plausible
explanation for this is, that fast changes in the thermal environment of the vacuum
chamber affect the wire faster than the board and attached Pt1000. This would make
sense given the much smaller thermal mass of the wire and simulated wire thermalization
time constant of 7 ~ 0.475s (See Section 5.4.1). By contrast we never see the Thoard
make any temperature changes that are completed less than 5 minutes. We propose a
possible solution to this problem in the next section.
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Figure B.10: Wire detector response to flow switching in 5 minute intervals at 1sccm, Tyaps ~
2210K, zp0s = —6mm. On the left we present the raw data and on the right the modified
temperature difference after subtraction of the detector board temperature as defined in Eq.
(B.1). This example illustrates that fast changes in temperature cannot always be cleanly removed
by this subtraction process.

B.3.2 Deconvolution Subtraction

Newtons law of cooling results in thermal equilibration processes which can be described
as exponential approaches to a target temperature with a a time constant 7. This
suggests, that the observation that fast temperature changes seem to be smeared out in
Thoard in comparison to the concurrent effect on the wire temperature, may be explainable
by that fact that they are both approaching a new equilibrium in response to the same
stimulus, but with differing time constants.

The smoothing of functions with exponential filters is a common problem in signal
analysis. Thankfully this means that existing literature contains solutions we can adopt.
The modification of a function with an exponential filter is in fact exactly reversible if
the time constant 7 is known. Kalabet 2019 [58] shows a proof , that any function F'(t)
convoluted with the exponential function E(t) = {e‘t/7|t >0,E(t) =0[t < 0} can be
fully recovered from the convoluted form F'(t) « E(t) by adding the derivative multiplied
with he time constant:

(B.2)

In our case we can identify F'(t)* E(t) = Tpoara(t) as the time series of board temperature
measurements, where F(t) is the natural smoothing due to the thermalization time
constant and F(t) = Thoard, deconv(t) is the time series of board temperatures, if it
instantly responded to the external temperature change (i.e. 7 — 0).

We calculate the wire temperature time series after subtraction of the deconvoluted
board temperature time series as:

ATqeconv = Tan - F(t)
= Tavg - Tboard,deconv(t)

dTboard (t)

= (B.3)

)

The challenges remaining for the deconvolution is then, that the time constant of the
board as sampled by the Pt1000 is unknown a priori. This means we are trading one

= Tavg - <Tb0ard (t) + Thoard *
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free parameter in the form of C for another in the form of 7. In principle this might
be measured by deliberately applying a known heat source in a future experiment. For
the results presented here we have chosen Tyarqa = 1.7 min based purely on the visual
stability of the baseline wire temperature after subtraction of the deconvoluted board
temperature signal. We implicitly treat the wire detector as having instant temperature
Twire = 0, which is a reasonable approximation, since Twire as determined via simulation
Section 5.4.1 is at least 100 times shorter than 7y0a:q and also shorter than the sampling
time interval of 1s.

The deconvolution requires the calculation of a local derivative, this process is
extremely sensitive to noise on the Thoarq(t) time series. The noise penalty is acceptable
for large signals as they are produced by intense beams such as 1scem, but it is often
prohibitive for less intense beams of fluxes below 0.05sccm for current data quality
provided by the Pt1000 measurement.

In Figure B.11b We show an example of the deconvolution subtraction applied to the
same 1sccm dataset which yielded unsatisfactory results in the direct subtraction in the
previous section.
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Figure B.11: Wire detector response to flow switching in 5 minute intervals at 1sccm, Tyaps ~
2210K, zpos = —6mm. On the left we present the raw data and on the right the modified
temperature difference after deconvolution based subtraction of the detector board temperature
as defined in Eq. (B.3). This example illustrates that fast changes in temperature can be more
effectively remmoved when subtracting the deconvoluted board temperature time series.

In this example a rapid change of T},,.:q Of comparable size to the beam signal at
about 600 mK each is subtracted in deconvoluted from the wire temperature time series.
The result is a AT signal in which the change in which the large temperature change at
the 10 minute mark is essentially invisible, and in which the baseline temperature has a
residual drifts of less than 50 mK over more than 80 minutes of measurement.

While not every dataset we tested with this method showed equally impressive results,
we nevertheless recommend further investigation into deconvoluted subtraction in future
analysis campaigns. Results might potentially be further improved if timee series of
chamber temperature sensors were also available and incorporated.
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C Extracted data for all flows

This section compiles the measured heating power after primary extraction (Section 8.2.1)
for all available datasets. Z-scan measurements are were taken for the following flows:
0.002 sccm, 0.01 sccm, 0.05scem, 0.2 scem, 1scem, and 10 scecm. For all of these flows a
dataset was taken at the highest regularly achievable source temperature T' = 2200 K.
Additional lower temperature datasets at T =~ 1250K and T ~ 300K were taken at
0.05sccm, 0.2scecm, 1scem, and 10 sccm, and another 3 datasets were taken at 1sccm at
intermediate temperatures.

C.1 data

In Figure C.1 we plot the neat heating power measured after primary extraction for
all available z-scans across the beam. In general beams at lower flows produce smaller
heating effects and are more centrally concentrated. At 0.002sccm and 2200K we
measure only a 30nW difference between a centered measurement at z,,s = 1.5mm
and the minima at the edges, while at 10sccm the same difference just over 5 uW. In
the case of the lowest 2 flows, we did not prioritize getting follow up measurements
at non-dissociating beam temperatures due to the low Signal-to-Noise Ratio (SNR) of
the raw data at these flows. Where available however there we can see a systematic
offset between the T' ~ 298 K room temerature baseline measurement and the nominally
out-of-beam background measurements at z,,s = 20mm at 2200 K. The model we use
does not predict such an offset in a region where there should not be any direct beam
effects. We can therefore not properly account for this trend. In the range observed
0.05sccm to 10scem there is generally an offset between Preas(2pos = 20 mm, T &~ 2200K)
and Ppeas(2pos = 20 mm, T ~ 298K) that is roughly one fifth of the difference between
the centered maximum and the edge at 2200 K, or expressed as an equation:

Preas(2Zpos = 20mm, T' ~ 2200K) — Pryeas(zpos = 20 mm, T ~ 298K)

1
~= (Peas(2pos = 1.5 mm, T % 2200K) — Pracas (4pos = 20mm, T ~ 2200K)) . (C.1)

While none of the datasets is perfectly symmetrical, it is worth highlighting that the
10sccm dataset at 2200 K is by far the worst example. In part due to this asymmetry, it
does not agree well with the beam shape model used in this thesis as can be seen in Figure
D.1f. Additionally the 10sccm dataset at 1277 K anomalously reports larger heating
than the 2200 K dataset at around z,,s =~ 15 mm. This is difficult to explain within the
paradigms set out in this thesis. We must therefore concede, that within the scope of this
thesis we have not managed to model beam effects at flows larger than 1 sccm. This may
be a real effect, insofar that the model we adapted from Tschersich [41] in Section 4.1
breaks down, if the gas flow in the capillary does not become transparent for a significant
length at the end of the capillary. As we have been unable to resolve these issues, we
have not included the 10 sccm datasets in the 3-temperature-point analysis shown in the
main portion of this thesis. Additional measurements would be required to say anything
with great certainty in this high flow regime.
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Figure C.1: Power detected on the wire after primary extraction (Ppeas) at multiple flows as
indicated by the sub-captions for a range of source temperatures. All datasets below 1600 K are
below the dissociation threshold and measure a pure Ho beam. These data sets are then used
in the secondary extraction procedure, to yield the effect of recombining atoms on the surface.
Negative detected powers indicate a net cooling of the wire, which is identified with the convection
cooling due to gas pressure in the detector chamber (fokgd gas)-
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D 1-temperature-point method for beam analysis

In this section we will introduce the I-temperature-point (1-T-P for short) method for
beam shape analysis as an alternative to the 3-temperature-point (3-T-P) method we
use as the mainline method in this thesis (see Section 8.4.1). As the name suggests in
this method we need just a single z-scan at a single temperature setpoint to perform
beam shape analysis. This is done by simply skipping the secondary extraction step
described in Section 8.2.2 and applying beam model fits directly to the data after primary
extraction.

The benefit of this method is chiefly, that we can apply it where we either could not
spend the time on setup to acquire multiple datasets, or where data quality or deficiencies
in data compliance with model assumptions make secondary extraction behave poorly.
The tradeoff is, that without secondary extraction, we are assured that the signal we
are fitting is not entirely caused by to heating due to recombination of atomic hydrogen
(Prec and still contains contributions due to the kinetic energy the atoms and molecules
impart to the wire due to their temperature (Pbeam,gas and Pbkgd). This problem is
proportionally larger for beams with a low atom fraction, as P,ec is then a smaller portion
of the primary signal. As evident from Figure 8.15 this means measurements at large
flows are especially untrustworthy when conducted in this manner.

Our primary motivation for performing this analysis is the extend the range of flows
for which we have sufficient data to perform analysis on agissoc and log over flow, such
as was shown in Figures 8.15 and 8.14 using the 3-T-P method. Of course we caution
that any conclusions based on this analysis must be dampened by the fact, that skipping
secondary extraction makes the fitted model inherently deficient.

In Figure D.1 we show the fits to 1-T-P data when always using the highest available
temperature datasets shown in Figure C.1. Then in Section D.1 we discuss the extended
trends in [ and in Section D.2 we do the same for the atom count lower limits derived
from the 1-T-P method.
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Figure D.1: Fits using the 1-T method to the 2200 K datasets at 6 different flows as indicated by
the sub-captions. The power values displayed are the result of primary extraction. No secondary
extraction for P.. was performed, and therefore we know that the model is insufficient.
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D.1 Effective length

In Figure D.2 we repeat an equivalent plot from Section 8.5, but this time with the
inclusion of the 1-T-P fit results shown in Figure D.1. For data points where both sets of
analyses are available results are similar, though not equivalent. No 3-T-P results for 10
sccm are shown, as the data has proved incompatible with the model, due to asymmetry
and stronger than expected heating due to hot non-dissociated Hy at large angles.
The 0.002 sccm datapoint is the strongest outlier from the trend of increasing l.g with
decreasing flow. We believe this is likely to be due to the low SNR of this dataset, which
means a wide range of parameters can describe the dataset with similar fit goodness. In
fact with earlier less sophisticated models that did not include the ”penumbra” shadowing
effects described in Section 4.1.2 this datafit was often alternatively yielding values of
leff ~ 12.

The 1-T-P method is only meant to showcase the best we can do with the more
limited datasets we acquired in the high and low flow regimes. We encourage follow up
studies at these flows taking more data to enable three or more temperature dataset
analyses. No firm conclusions should be drawn on the basis of the 1-T-P analysis.
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Figure D.2: Fit parameter [og for the atomic hydrogen portion of the beam at various flows using
both the three- and one-temperature-point methods described in this work compared to values
from Table I in Tschersich et al. (2000) [40]. No error estimation is available for the sourced
leg values. Plots showing fits in this work for 0.05 sccm and 0.2 sccm are available in Section
8.4.3. The orange error bar is the span of l.z when datasets at different temperatures are used
to determine Py, (see Section 8.4.2) for details). The red data points use the 1-T-P simplified
analysis method using just the ~ 2200 K dataset for each flow.

132



D.2 Absolute atom count limits based on the 1-T-P method

This section shows identical plots of agigsoc and atom count over flow as Section 8.6,
with the addition of a comparison to results obtained with the 1-T-P method. Most
importantly we point out, that the 1-T-P method produces larger dissociation fractions
and atom counts than the 3-T-P method where available. This fits expectations perfectly,
since the difference between the methods is skipping secondary extraction, which has
the primary purpose of subtracting out the heating effect of leftover hot molecular gas
Picam_gas on the wire. The primary extracted power is therefore universally higher than
the secondary extracted power. The 3-T-P method fulfills its purpose of yielding a
conservative lower limit for the value of the dissociation fraction.

Since Pheam_gas is proportionally higher at low dissociation fractions, we expect the
difference between the 1-T-P and 3-T-P methods to be larger at higher flows. Within
the limited scope of the 3 flow point comparison at 0.05sccm, 0.2scecm, and 1scem this
expectation is confirmed. We may therefore carefully assume that the two low points at
0.01 sccm and 0.002 sccm have lower systematic deviations due to the erroneous inclusion
of Pbeam,gas-

Of course we recommend following up with more multi-temperature datasets to
confirm the trends for agjssoc Suggested by the 1-T-P method in Figures D.3 and D.4.
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Figure D.3: Values of the dissociation fraction agjssoc determined for the HABS using 4 different
methods. The lower limit values based on wire detector measurements presented in this thesis
are shown as blue arrows, where the height of the horizontal bar at the bottom is the statistical
error on the limit value, while the arrow indicates the fact that it is a lower limit with the true
value anywhere between it and 1. The equivalent analysis value based on the 1-T-P method is
shown as yellow arrows. The black downward triangles indicate mass spectrometer based values
taken from Fig. 6 in Tschersich et al. [40] at 2200 K and include no error bars. The red upward
triangles and green circles two different mass spectrometer based measurements performed in
Mainz reproduced from A. Lindman’s PhD thesis (Section 45, [57]). Compare to 3-T Method

Figure 8.15 in the main body of the thesis.
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Figure D.4: Total atom flux calculated from agissoc values as presented in Figure 8.15 using Eq.
(8.24), now including 1-T-P method results in yellow. The dashed line indicates the number of
atoms that would be produced at a dissociation rate of 100%. The height of the horizontal bar
at the bottom of the blue wire detector arrows indicates the statistical error on the lower limit,
while the arrow indicates the fact that it is a lower limit with the true value anywhere between
it and the dashed line. Includes data reproduced from Tschersich et. al. [40] and A. Lindman
(Section 45, [57]). Compare to Figure 8.16 in the main body of the thesis.
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