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Abstract

The β decay of the neutron is an interesting quantity both in particle physics as well
as in astoparticle physics: A precise determination of the free neutron lifetime τn helps
understanding Big Bang Nucleosynthesis, during which first light elements were produced.
Furthermore, it can be used to calculate the Vud element of the CKM matrix, which is
responsible for the mixing of weak eigenstates of quarks.

Currently, two methods to determine the neutron lifetime exist. While beam exper-
iments measure the decay products (’counting the dead’), bottle type experiments store
very low energetic neutrons (so-called ’ultracold’ neutrons, UCN) in a vessel and count the
remaining neutrons after a certain storage time (’counting the survivors’). Both methods
yield results with a precision of ∆τn/τn = 3×10−3 or better, but their extracted values for
the neutron lifetime differ by 3.9σ. The difficulty with both techniques is to take all sys-
tematic effects into account. In bottle type experiments such effects are e.g. interactions
of UCN with the walls of the storage vessel. By replacing the material walls by strong
magnetic fields, magnetic storage experiments attempt to eliminate this systematic effect
and thus allow for measurements of τn with higher precision.

The τSPECT experiment at the TRIGA research reactor in Mainz, Germany, is the first
neutron lifetime experiment which employs only magnetic fields for the storage of UCN of
energies E . 47 neV. The trap consists of a longitudinal field generated by two cylindrical
superconducting coils, as well as a Halbach type octupole made from permanent magnets;
the superposition of both creates a low field region, which is surrounded by strong magnetic
fields. UCN are filled into the trap by an adiabatic fast passage spin flipper, which generates
a rotating magnetic field B1 and transforms low energetic neutrons in the high-field seeking
state to storable low-field seekers. They are stored inside the trap and after varying storage
times the surviving neutrons are detected. The neutron lifetime can be extracted from an
exponential fit to the counted number of neutrons depending on the storage time.

First storage measurements of UCN in September 2019 were successful but yielded only
low statistics, so that the target uncertainty in the neutron lifetime of ∆τn = 1.0 s would
have been unachievable in a reasonable amount of measurement time. In this work, the
filling process was therefore fully understood, simulated and optimised. The initially used
spin flipper (SF) in form of a birdcage resonator was replaced by a double saddle coil, so
that due to its high flexibility in finding the appropriate SF-position at different resonance
conditions an increase in statistics by a factor of ∼ 4 was achieved. Additionally, a modified
filling technique involving two double saddle coils was successfully demonstrated as proof
of concept.

One of the remaining systematic effects in the experiment is due to marginally trapped
neutrons, which poses a loss mechanism additional to β decay. These neutrons have to be
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removed (’cleaned’) from the spectrum before the storage time begins. First optimisations
are presented in this work together with recent storage curve measurements (preliminary
results).



Zusammenfassung

Der β-Zerfall des Neutrons spielt sowohl in der Teilchen- als auch in der Astroteilchen-
physik eine große Rolle: Eine präzise Bestimmung der Lebensdauer freier Neutronen kann
helfen, die primordiale Nukleosynthese in der Zeit kurz nach dem Urknall zu verstehen,
während derer die ersten leichten Elemente entstanden. Desweiteren kann sie dazu ver-
wendet werden, das Vud-Element der CKM-Matrix zu berechnen, das für die Mischung
schwacher Eigenzustände von Quarks verantwortlich is.

Zurzeit existieren zwei Methoden zur Bestimmung der Neutronenlebensdauer. Während
Strahlexperimente die Zerfallsprodukte messen ("counting the dead"), verwenden Speicher-
experimente sehr niederenergetische Neutronen (sogenannte "ultrakalte" Neutronen, UCN)
in einem Gefäß und zählen die verbleibenden Neutronen nach einer gewissen Speicherzeit
("counting the survivors"). Beide Methoden erzielen Ergebnisse mit einer Präzision von
∆τn/τn = 3× 10−3 oder besser, ihre jeweiligen Werte für die Neutronenlebensdauer liegen
allerdings um 3.9σ auseinander. Die Schwierigkeit beider Methoden is die Berücksichti-
gung aller systematischen Effekte. Bei Speicherexperimenten sind solche systematischen
Effekte beispielsweise Wechselwirkungen von UCN mit den Wänden des Speichergefäßes.
Magnetische Speicherexperimente versuchen daher, diesen systematischen Effekt zu besei-
tigen indem sie die materiellen Wände durch starke Magnetfelder ersetzen, was Messungen
von τn mit höherer Genauigkeit ermöglicht.

Das τSPECT Experiment am Forschungsreaktor TRIGA in Mainz, Deutschland, ist das
erste Neutronenlebensdauerexperiment, das ausschließlich Magnetfelder zur Speicherung
von UCN mit Energien E . 47 neV verwendet. Die Falle besteht aus einem longitudinalen
Feld, das von zwei zylindrischen supraleitenden Spulen erzeugt wird, sowie einem Halbach
Oktupol aus Permanentmagneten; die Überlagerung der beiden erzeugt einen Bereich mit
niedrigem Magnetfeld, der von starken Feldern umgeben ist. UCN werden durch einen
"Adiabatic Fast Passage Spin Flipper" in die Falle gefüllt, der ein rotierendes Magnetfeld
B1 erzeugt und niederenergetische Neutronen im Hochfeld-bevorzugenden Spinzustand in
speicherbare Niederfeld-bevorzugende Neutronen umwandelt. Diese werden in der Falle
gespeichert, nach verschiedenen Speicherzeiten werden die überlebenden Neutronen detek-
tiert. Die Neutronenlebensdauer kann aus einem exponentiellen Fit an die gezählte Anzahl
Neutronen in Abhängigkeit von der Speicherzeit extrahiert werden.

Erste Speichermessungen mit UCN wurden im September 2019 erfolgreich durchgeführt,
erzielten allerdings nur eine geringe Statistik, sodass die anvisierte Ungenauigkeit in der
Bestimmung der Neutronenlebensdauer von ∆τn = 1.0 s in einer angemessenen Messdauer
nicht erreichbar gewesen wäre. In dieser Arbeit wurde daher der Füllprozess vollständig
verstanden, simuliert und optimiert. Der anfänglich verwendete Spin Flipper (SF) in Form
eines "Birdcage Resonators" wurde durch eine Doppel-Sattelspule ersetzt, sodass durch
deren hohe Einsatzflexibilität in Bezug auf die passende SF-Position bei verschiedenen
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Resonanzbedingungen eine Steigerung der Neutronenstatistik um einen Faktor ∼ 4 er-
reicht werden konnte. Zusätzlich wurde der Einsatz einer modifizierten Füllmethode unter
Verwendung zweier Doppel-Sattelspulen in einer Machbarkeitsstudie erfolgreich demons-
triert.

Einer der verbleibenden systematischen Effekte im Experiment liegt an marginal gespei-
cherten Neutronen, die einen Verlustmechnismus zusätzlich zum β-Zerfall darstellen. Diese
Neutronen müssen vor dem Beginn der Speicherzeit aus dem Spektrum entfernt wer-
den (’cleaning’). Erste Optimierungen sowie neueste Speicherkurvenmessungen (vorläufige
Ergebnisse) werden in dieser Arbeit vorgestellt.



Nomenclature and constants

Acronyms and Abbreviations

ADC Analog-to-Digital Converter
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BSM Physics Physics Beyond the Standard Model
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FEM Finite Element Method
GUI Graphical User Interface
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UCN Ultra Cold Neutron
VCN Very Cold Neutron
VNA Vector Network Analyser

Physical constants

e Elementary charge 1.602 176 634× 10−19 C

g Neutron g-factor −3.826 085 45(90)

γ Neutron gyromagnetic ratio 1.832 471 71(43)× 108 s−1T−1

~ Planck constant (reduced) 6.582 119 569...× 10−16 eVs

GF /
√

2 Fermi coupling constant 1.166 378 7(6)× 10−5 GeV−2

GN Newtonian constant of gravitation 6.674 30(15)× 10−11 m3kg−1s−2

kB Boltzmann constant 8.617 333 262× 10−5 eV/K

mnc
2 Neutron mass 939.565 420 52(54) MeV

mpc
2 Proton mass 938.272 088 16(29) MeV

µ0 Vacuum permeability 1.256 637 062 12(19)× 10−6 H ·m−1

µN Nuclear magneton 3.152 451 258 44(96)× 10−8 evT−1

µn Neutron magnetic moment −9.662 3651(23)× 10−27 JT−1

All constants are the recommended values by the Committee on Data for Science and
Technology (CODATA) at the National Institute of Standards and Technology (NIST)
[cod19].



Chapter 1

Motivation

Neutrons are neutral spin-1/2 particles, which, together with protons, form the atomic
nuclei in the elements which make up all matter. Bound in a nucleus, the neutrons are
stable, however, as free particles, neutrons undergo β decay. This chapter introduces the
discovery of the neutron as well as relevant aspects of the weak interaction that lead to
neutron β decay. Afterwards, the importance of the neutron lifetime in modern research is
emphasised in two examples, the unitarity test of the CKM matrix, and the understanding
of Big Bang nucleosynthesis.

1.1 The discovery of the neutron

In 1920, Ernest Rutherford introduced the idea, that the atomic nucleus has to include a
heavy neutral ’particle’ [Rut20]. This arose from the observation, that the atomic mass of
an element differs from its atomic number, i.e. the number of protons inside the nucleus.
He therefore suggested the existence of a neutral bound state consisting of a proton and
an electron inside the nucleus.

It was James Chadwick, former student and then co-worker of Rutherford, who dis-
covered the neutron in 1932 by investigating the radiation of α-particle induced decay of
9Be and published a first estimation of the neutron mass between 1.005 and 1.008 amu
(atomic mass unit) [Cha32]. In the same year, Dmitri Iwanenko and Werner Heisenberg
independently considered the neutron as an individual spin-1/2 particle for the first time
rather than a bound state [Iwa32,Hei32]. The measured neutron mass did, however, not
contradict the value of 1.0078 amu for the sum of masses of proton and electron at that
time [Cha32] and therefore the Rutherford picture could not yet be disproved.

A more precise measurement in 1934 by Chadwick and Maurice Goldhaber, in which
they used photo dissociation to measure the deuteron binding energy and compared this
value to the atomic masses of hydrogen and deuterium from mass spectroscopy, resulted
in a value for the neutron mass of 1.0080(5) amu [CG34]. They re-run their experi-
ment with improved mass spectroscopy data in 1935, which resulted in a neutron mass
of 1.0087(3) amu [CG35]1. This value was larger than the proton mass, then estimated as
1.0081 amu, so that the Rutherford picture was disproved. In their publication, Chadwick
and Goldhaber also for the first time stated the possibility of free neutron decay into a

1In [CG35], two values for the neutron mass are stated, 1.0084 amu and 1.0090 amu, which depend on
the used value for the deuteron mass. Above, the mean value of these two is calculated.
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2 1.2. Fundamental properties of the neutron

proton, an electron and an antineutrino, which would not have been possible in the Ruther-
ford picture, because the neutron as a bound state would have had less energy than its
individual constituents. For the discovery of the neutron, Chadwick received the Nobel
Prize in Physics in 1935.

1.2 Fundamental properties of the neutron

After its discovery, the neutron as well as the proton were considered elementary parti-
cles [CG35]. Today all matter (and anti-matter) is described by the Standard Model of
Particle Physics (SM), which groups them into leptons (e, µ, τ and their corresponding
neutrinos) and quarks. Furthermore, the SM contains the force carriers, which mediate
the fundamental interactions (except for gravity): γ (electromagnetic); W+, W− and Z
boson (weak); and eight gluons (strong interaction).

In this context, the neutron containing three quarks (one up- and two down-quarks,
udd) is classified as a so-called baryon. It is neutral with a current experimental limit of
−2(8) × 10−22 e in terms of the elementary charge e [ZBB+20] and has a spin of S = 1/2,
which is directly connected to the magnetic moment [BA13]

~µ = gµN
~S

~
(1.1)

with the neutron g-factor g and the nuclear magneton2 µN . Inserting the constants, the
magnetic moment calculates to approximately −60.31 neV/T.

Coming back to the neutron mass, it is today measured as 1.008 664 915 95(49) amu,
which translates to the energy equivalent of 939.565 420 52(54) MeV [cod19]3. The neutron
is thus ∆m = 1.293 332 36(46) MeV heavier than the proton [cod19]. This mass difference
and the similar quark structure between neutrons and protons (protons consist of the
quark combination uud) allows the neutron to β decay into a proton by conversion of one
down-quark to an up-quark and emission of a W− boson (see Fig. 1.1). The W− boson in
turn decays into an electron and an electron antineutrino, so that the total decay can be
described as

n→ p+ + e− + ν̄e. (1.2)

With three decay particles involved, the decay energy is distributed continuously amongst
them, resulting in a proton spectrum with an end-point energy of Ep = 751 eV and an
electron spectrum with an end-point energy of Ee = 782 keV [YCF+14]. The average
neutron lifetime is currently stated as τn = 879.4 ± 0.6 s by the Particle Data Group
(PDG) [ZBB+20]. The mentioned properties of the neutron are again summarised in
Tab. 1.1.

1.3 The β decay of the neutron

The precision measurement of neutron β decay parameters is a valuable tool for testing
theories in particle and astrophysics. The beauty of this decay lies in the neutron being

2All constants and their values are listed on page xii and are only quoted if necessary.
3The precision in the energy conversion decreases due to the relatively poorly known electron charge

[ZBB+20]
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Figure 1.1: β− decay of the neutron. A down-quark converts to an up-quark by emis-
sion of a W− boson, which in turn decays into an electron and an electron
antineutrino.

the prototype of a semileptonic β decaying system without an influence by the structure
of a surrounding nucleus, as will be seen further below.

First measurements, showing that neutrons do in fact decay, were done in the late
1940s by A. H. Snell et al. [SPM50] and J. M. Robson [Rob50], initially only setting range
limits of several minutes on the neutron lifetime. Experiments have become more and
more precise since then. Today there exist two different measurement methods, which are
consistent amongst each other and yield measurement results on a precision level of 0.1%,
but deviate by 4σ [Mum18] (an overview is given in Ch. 2.2). Solving this ’neutron lifetime
puzzle’ is only one aspect in modern research. Furthermore, precision measurements of the
neutron lifetime are used to test theories in particle physics and cosmology, as is shown in
the following sections.

Table 1.1: Overview over the neutron properties.

Parameter Value (rounded) Source

Mass mn 939.57 MeV CODATA [cod19]
∆m = mn −mp 1.29 MeV CODATA [cod19]

Charge q neutral
Spin ~S 1/2 PDG [ZBB+20]

Magnetic moment µn −60.31 neV/T see text
Mean lifetime τn 879.4± 0.6 s PDG [ZBB+20]



4 1.3. The β decay of the neutron

1.3.1 The neutron lifetime and the CKM matrix

In 1963, N. Cabibbo postulated a way to combine strangeness-changing and strangeness-
conserving decay processes which are related by the Cabibbo mixing angle θC [Cab63].
This concept was included in the later introduced quark model (at that time only the
down (d) and strange (s) quark families were known) by differing between quark mass
eigenstates and weak eigenstates which are connected by a rotation matrix via(

d′

s′

)
=

(
cos(θC) sin(θC)
− sin(θC) cos(θC)

)(
d
s

)
. (1.3)

In 1973, M. Kobayashi and T. Maskawa extended this concept by a third quark family
(bottom, b [KM73]), so that mass and weak eigenstates are now linked by the Cabibbo-
Kobayashi-Maskawa (CKM) matrix viad′s′

b′

 =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

ds
b

 . (1.4)

For neutron β decay and its parameters, only the Vud element of this matrix is relevant:
its squared value represents the transition probability between a down and an up quark.
There exist two different types of transition depending on the initial and final spin states of
neutron and proton, respectively, as shown in Fig. 1.2. Both appear with different coupling
constants and therefore different strengths.

Vector or Fermi transitions, with coupling constant GV , occur when e and ν̄e couple
to a spin state of S = 0 (singlet state). With I the nuclear spin of proton and neutron,
the transition is therefore allowed only if ∆I = 0 to maintain spin conservation. If the
leptons form a triplet state of S = 1, the transition allows for ∆I = 0,±1 and is mediated
by axial-vector coupling (Gamow-Teller transition, coupling constant GA) [CGH13]. Vud
is directly connected to Fermi transitions by the relation [IPT13]

GV = GFVud, (1.5)

Figure 1.2: Fermi and Gamow-Teller transitions in neutron β decay. a) Fermi (vector)
transition with ∆I = 0 resulting in a decay proton of the same spin state
as the neutron. If the total angular momentum is maintained, electron and
anti-neutrino spin have to combine to a singlet state with S = 0. b) The
same decay as a Gamow-Teller (axial-vector) transition. Electron and anti-
neutrino couple to a triplet spin state with S = 1, therefore ∆I = 0,±1 are
allowed.
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where GF is the well-known Fermi coupling constant, which is measured in muon decay
experiments [WTP+11,Gor13]. Determining Vud using the neutron lifetime τn requires the
ratio between axial-vector and vector coupling constant λ = GA/GV . It can be calculated
from the correlation coefficients of β decay asymmetry measurements.

1.3.1.1 Angular correlation coefficients in β decay

The neutron decay rate with respect to the electron energy dEe and solid angle distributions
of electron and anti-neutrino dΩe and dΩν̄e , can be expressed as (adapted from [JTW57,
Sch19])

dΓ ∝ G2
F |Vud|2 dEedΩedΩν̄e

×
(

1 + a
~pe~pν̄e
EeEν̄e

+A
~σn~pe
Ee

+ ...

) (1.6)

with ~pe, ~pν̄e , Ee and Eν̄e the electron and antineutrino momentum and energy, me the elec-
tron mass and ~σn the neutron spin. Measuring some of these quantities, the correlation co-
efficients a, A and so on can be calculated4 (cf. [MMS+19,BAGB+20,DBD+17,BDA+18]).
From their results, λ is deduced via [DS11]

a =
1− λ2

1 + 3λ2
(1.7a)

A = −2
λ(λ+ 1)

1 + 3λ2
. (1.7b)

Currently the most precise result comes from the PERKEO III experiment measuring the
β asymmetry parameter A [MMS+19], which yields

|λ| = 1.27641(56). (1.8)

1.3.1.2 From the neutron lifetime τn to Vud

In general, the decay rate of the neutron is given by Fermi’s Golden Rule [Mar07]

Γ =
2π

~
|Mn|2 n(E) (1.9)

with n(E) the available final density of states and the transition matrix element |Mn| ∝
GFVud/

√
2. Including λ and Vud in Γ and integrating over the available energy states, the

neutron lifetime τn = Γ−1 is calculated. According to [ZBB+20], the correlation between
τn, λ and Vud is given by the master formula

|Vud|2 =
5024.7 s

τn(1 + 3λ2)(1 + ∆V
R)
, (1.10)

in which ∆V
R accounts for transition-independent radiative corrections which have to be

determined separately [MS06,HT15,SGP+18].
4For simplicity, here only two correlation coefficients are named. [DS11] gives a more detailed overview

of the more than 20 correlation coefficients occurring in neutron β decay.
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1.3.1.3 Vud and the Standard Model of Particle Physics

The Standard Model of Particle Physics is a well-tested theory, even though it still leaves
some open questions unanswered, such as the existence of dark matter or the baryon
number violation, which is necessary for an excess of matter compared to anti-matter in
the universe [Sak91]. In the search for so-called Physics Beyond the Standard Model (BSM
Physics), the SM is tested over and over again. One method here is the unitarity of the
CKM matrix.

According to the SM, there exist three quark families causing the 3 × 3 shape of the
CKM matrix (cf. Eq. 1.4). If this theory is correct, the matrix should be unitary, which
means that the sum of all transition probabilities for an initial quark state equals 1. For
the first row of the CKM matrix this yields [Abe08]

|Vud|2 + |Vus|2 + |Vub|2 = 1−∆ (1.11)

with ∆ the deviation from unitarity (the SM predicts ∆ = 0). Therefore, precise measure-
ments of Vud, Vus and Vub are needed: Vus is extracted from kaon, hyperon, and tau de-
cays [Mou17,CSW04,ABBH+17] and Vub using semileptonic B decays [LAA+05,ABB+06].
Vud is currently determined with highest precision by so-called superallowed 0+ → 0+

β decay between nuclear analog states of spin-parity Jπ = 0+ [HT18]. The beauty of
this decay lies in the pure vector transition depending only on GV . By measuring the
transition strength, which is proportional to the half-life and the energy of the transition,
and using Eq. 1.5, Vud is calculated. This includes, however, transition-dependent nuclear
and radiative corrections in addition to the transition-independent ∆V

R. Averaging over the
most precise results, [ZBB+20] quotes

|Vud|2 =
0.97148(20)

1 + ∆V
R

(1.12)

with ∆V
R the only free parameter. A recent recalculation using a dispersion relation ap-

proach resulted in ∆V
R = 0.02467(22) [SGP+18], which shifted the average of Vud from

0.97420(21) down to [HT15,HT18,ZBB+20]

|Vud|0+→0+ = 0.97370(10)exp(10)RC. (1.13)

Inserting this value along with the current PDG averages for Vus = 0.2245(8) and Vub =
3.82(24)× 10−3 [ZBB+20] into Eq. 1.11 results in

∆0+→0+ = 1.49(45)× 10−3. (1.14)

This deviation from unitarity is currently explained by the PDG with a problem in Vud
theory, calculations in the determination of Vus or new physics [ZBB+20].

A promising alternative in the measurement of Vud is thus the β decay of the neutron
because it does not require any nuclear corrections [HT18]. From Eq. 1.10 follows, that
by measuring τn and λ, and inserting ∆V

R, Vud can be calculated. Using the PDG world
average of τn = 879.4± 0.6 s in combination with λ (Eq. 1.8) results in

|Vud|τ,λ = 0.97339(33)τ (35)λ(10)RC and (1.15a)

∆τ,λ = 0.22(10)× 10−2. (1.15b)
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A comparison of the results from the superallowed 0+ → 0+ decays and neutron decay is
shown in Fig. 1.3. The red square and the shaded area mark the total error of Vud added in
quadrature. The filled circle depicts the current uncertainty achieved with neutron β decay.
As can be seen, high precision measurements of the neutron lifetime with ∆τn = 0.1 s are
necessary to reduce the uncertainty in Vud. However only a combination with ∆λ ≤ 1×10−4

yields a comparable result for the Vud uncertainty inferred from 0+ → 0+ decays.
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Figure 1.3: Comparison of the Vud uncertainties inferred from superallowed 0+ → 0+

decays (red marker and shaded area) and neutron β decay (blue, filled circle)
using the PDG average τn = 879.4(6) s [ZBB+20] and |λ| = 1.27641(56)
[MMS+19]. So far, neutron β decay cannot compete with the superallowed
decays. High precision measurements of τn with ∆τn = 0.1 s are necessary
(blue, open circle) but only a combination with an improved determination
of λ with ∆λ ≤ 1 × 10−4 results in a Vud uncertainty comparable to the
0+ → 0+ decays (turquoise cross).

1.3.2 The neutron lifetime and big bang nucleosynthesis

The neutron lifetime is not only an important quantity in particle physics but also in cos-
mology, where it is used to test and improve the theory describing the very early universe:
the big bang nucleosynthesis (BBN) model. One feature of this model is the calculation of
the primordial abundances of the light nuclei from 1H up to 7Li [CFOY16,Gam46,ABG48]5.

1.3.2.1 From a hot plasma to primordial nuclei

When the universe was around 20µs old [FKL+12], it consisted only of a hot plasma full
of particles, such as neutrons, protons, electrons and neutrinos, as well as photons, which

5The code called ’Public Algorithm Evaluating the Nucleosynthesis of Primordial Elements
(PArthENoPE)’ is published by the Naples Astroparticle Group and is publicly available under
http://parthenope.na.infn.it/

http://parthenope.na.infn.it/
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were in thermal equilibrium. In fact, the temperature was high enough for reactions like

n+ νe ⇐⇒ p+ e− (1.16a)

n+ e+ ⇐⇒ p+ ν̄e (1.16b)

n⇐⇒ p+ e− + ν̄e (1.16c)

to occur in both directions and thus keeping the ratio between neutrons and protons
constant [BNT99]. In equilibrium, this ratio is given by the Boltzmann factor

n

p
= exp

(−∆m

T

)
(1.17)

with ∆m the neutron-to-proton mass difference (see Tab. 1.1) and T the energy equivalent
temperature [MKS05]. However, the universe expanded rapidly and cooled with a rate
∝ T 2. The weak interaction rate on the other hand decreased much faster (∝ T 5) [CFOY16]
and therefore weak reactions fell out of thermal equilibrium as soon as the so-called freeze-
out condition

G2
FT

5 ≈ Γ(Tf ) = H(Tf ) ≈ G1/2
N T 2 (1.18)

was met. Here, Γ is the weak interaction rate (cf. Eq. 1.9), H is the Hubble constant, Tf
is the freeze-out temperature, and GF and GN are the Fermi and Newton’s gravitational
constant, respectively. According to [CFOY16], Tf calculates to ∼ 0.8 MeV and thus, using
Eq. 1.17, n/p ' 1/5. At this point, the only energetically possible weak reaction left was
neutron β decay (from left to right in Eq. 1.16c).

However, nucleosynthesis did not begin directly: The binding energy of 2H, the first
nucleus in the reaction chain, is relatively small (EB = 2.2 MeV) but the photon-to-baryon
ratio η−1 = nγ/nB ∼ 109 was still so large, that any nucleus was readily destroyed directly
after formation [MKS05,CFOY16]. This is also known as the deuterium bottleneck. Only
when the temperature was low enough to satisfy η−1 exp (−EB/T ) ∼ 1 did nucleosynthesis
begin, which was the case at around 200 s [EMMP99,MKS05]. As this time is on the order
of the neutron lifetime, a significant amount of neutrons had already decayed when the
deuterium bottleneck broke, so that n/p had by then dropped to 1/7 [CFOY16].

1.3.2.2 The formation of light elements in BBN

Various processes lead to the formation of 4He, one of which is shown in Fig. 1.4 including
two 2H nuclei and γ-emission. It is assumed that all deuterium nuclei finally ended up in
4He [EMMP99], so that using n/p ' 1/7, the theoretical 4He mass fraction (in literature
referred to as YP ) compared to 1H is calculated as

Yp =
2(n/p)

1 + (n/p)
≈ 0.25 (1.19)

by simply counting the number of neutrons and protons needed to form 4He and 1H. Other
nuclei, such as 3H, 3He, 6Li, 7Li and 7Be were formed in a much smaller fraction (e.g. the
7Li/1H-ratio is stated as 1.6(3) × 10−10 [ZBB+20]), of which 3H and 7Be are unstable,
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Figure 1.4: An example of 4He synthesis involving two deuterons. A proton and a neutron
form a 2H nucleus (deuteron) under emission of a photon γ. Two 2H nuclei
then combine to form the 4He nucleus, again under photoemission. Various
other processes involving 3H or 3He nuclei do also occur.

so that they decayed with relatively short half-lives6 after nucleosynthesis had stopped.
Heavier elements were not produced as there exist no stable nuclei with A = 5 or A = 8
which would be created by n4He, p4He or 4He4He reactions [THH+18].

The neutron lifetime plays an important role in the BBN model in two ways [LT99]:
1) It scales the weak interaction rate given by Eqs. 1.9 and 1.10 and therefore influences
the neutron-to-proton ratio at freeze-out, and 2) due to neutrons decaying during the time
of the deuterium bottleneck, the ratio when nucleosynthesis begins depends directly on
the neutron lifetime. According to [LT99], the sensitivity of YP with respect to the weak
reaction rate Γ = 1/τn is given as

δYP
YP
' −0.8

δΓ

Γ
. (1.20)

From comparisons in [CFOY16] follows, that from all parameters of the BBN model, YP is
thus mostly sensitive to the neutron lifetime. A prediction on the 0.1 % level would require
an uncertainty in the neutron lifetime of ∆τn = 1 s or less.

The primordial helium abundance can be determined either experimentally by spec-
troscopic observations of galactic nebulae, or theoretically from fluctuations in the cosmic
microwave background (CMB) in combination with the BBN model. Fig. 1.5 gives an
overview over recent measurements [ITG14, AOS15, PPL16, FTD+18, VPPS19], the line
marks the current status of the BBN model YP = 0.2469(4) [AAA+20] (Planck collabora-
tion)7. Apart from the 2014 result ( [VPPS19] suspects unaccounted systematic uncertain-
ties), all results agree with each other within errors. However, the experimental values are
currently measured with a precision of O(1 %) whereas theoretical predictions range down
to the 0.1 % level already. This should give motivation to experimentalists to increase the
precision of their measurements in the future. Nevertheless, because of the high sensitivity
to the neutron lifetime, the theoretical prediction of YP can be further improved by high
precision measurements of τn.

6Tritium (3H) decays with a half-life of t1/2 = 12.32 y and 7Be with t1/2 = 53.22 d (NuDat 2.8)
7The Planck collaboration quotes two results for YP which were calculated with different algorithms

and are consistent within errors. Here, the mean value was calculated.

https://www.nndc.bnl.gov/nudat2/
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Figure 1.5: Recent experimental determinations of the primordial 4He abundance (mar-
kers) and the prediction by the BBN model using parameters obtained by
CMB measurements and the neutron lifetime (red line). The predicted value
is YP = 0.2469(4) as the calculated mean of results in [AAA+20]. The exper-
imental results were taken from [ITG14,AOS15,PPL16,FTD+18,VPPS19].

1.4 Summary

In this section, the discovery and fundamental properties of the neutron were presented.
The importance of the precise measurement of the neutron lifetime was emphasised using
two examples from particle and astroparticle physics. The following chapter will give an
overview over different experimental methods to measure τn with high precision.



Chapter 2

Neutron lifetime experiments

After having seen, why the free neutron lifetime is an important quantity in modern physics,
this chapter will take a closer look at the techniques used today to measure the neutron
lifetime and how the results improved over the last decades. Before, however, we will have
a closer look at how neutrons interact.

2.1 Neutron interactions

The neutron interacts via all four fundamental forces, which is illustrated in Fig. 2.1.

2.1.1 Weak interaction

The weak interaction is responsible for the β decay of free neutrons according to

n→ p+ + e− + ν̄e (2.1)

and has been introduced in Ch. 1 already.

2.1.2 Strong interaction

We consider a material wall with an atomic distance da and the neutron as a material wave
at wavelength λn. If the neutron is slow enough, i.e. λn � da, the interaction with the
wall can be described by an effective potential

U = VF − iW (2.2)

similar to a wave scattering on a quantum mechanical wall (a thorough derivation is given
in [GRL91]). Here, VF is the so-called Fermi potential and accounts for reflections on the
wall, whereas W is a small absorbing part1. VF can further be written as

VF =
2π~2

mn
Na (2.3)

with mn the neutron mass, N the number density and a the coherent scattering length of
the wall material [GRL91]. So far, the material with the highest Fermi potential known is
58Ni with VF = 335 neV (further values are listed in Tab. B.1).

1Typical values for the absorption probability f = W/VF are at O(10−5) [GRL91], which may appear
small but are an issue in bottle experiments using material walls

11
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If neutrons impinge on the wall under a small incidence angle φn, they are reflected in
case Ekin sin2(φn) ≤ VF . If the total kinetic energy is smaller than the Fermi potential,
Ekin ≤ VF , the neutrons are fully reflected under all incidence angles. They can be stored
for long times in suitable storage vessels and are termed ultracold neutrons (UCN).

2.1.3 Gravitational interaction

Due to their mass, neutrons interact with Earth’s gravitational potential, which means
that they are accelerated while flying downwards. Using classical Newton mechanics

Vgrav(r) =

∫ RE+h

RE

GN
MEmn

r2
(2.4)

with Newton’s gravitational constant GN , the neutron mass mn, and Earth’s mass ME

and radius RE , the kinetic energy gain per meter is calculated as Vgrav = 102.4 neV/m.
This means in return, that neutrons lose kinetic energy when flying upwards, and - with
Vgrav on the same order of magnitude as the Fermi potential of many materials - neutrons
can be stored using a mixture of material wall and gravitational confinement.

2.1.4 Electromagnetic interaction

The neutron’s magnetic moment (cf. Eq. 1.1) interacts with magnetic fields according to

Vmagn = −~µn · ~B ≈ ±60.31 neV/T · | ~B| (2.5)

with Vmagn the magnetic potential and ~B the local magnetic flux density (for simplicity, in
this work ~B is called the magnetic field2). The Stern-Gerlach force between the neutron
and the magnetic field can be written as

~Fmagn = −~∇Vmagn = ±|~µn|~∇| ~B|. (2.6)

Both equations are adapted from [GRL91]. With the magnetic moment anti-parallel to
the spin (~µ ↑↓ ~S) and the spin again being either oriented along or opposite the magnetic
field ~B, two cases are distinguished:

1. An anti-parallel orientation of the spin with respect to ~B requires ~µn ↑↑ ~B, which
due to the minus sign in Eq. 2.5 leads to a potential minimum at the magnetic
field maximum. Consequently, the Stern-Gerlach force (cf. Eq. 2.6) accelerates the
neutron into the high magnetic field. Such neutrons are termed high-field seekers
(HFS).

2. The parallel orientation of the spin to ~B leads to the opposite situation (~µn ↓↑ ~B),
which means that the magnetic field minimum is also the potential minimum and
that the Stern-Gerlach force is repulsive at positive field gradients. Hence, being
reflected from high magnetic fields, the neutrons are called low-field seekers (LFS).

Using this property, surrounding LFS with high magnetic fields, leads to the neutrons
being unable to leave if their total kinetic energy is less than Vmagn.

2The magnetic field, usually called H, is connected to the magnetic flux density B and the material’s
magnetisation M via H = B

µrµ0
−M .
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Figure 2.1: Illustration of the four neutron interaction types. Top left: Neutron β de-
cay caused by the weak interaction. Top right: A low energetic neutron is
reflected on bulk material, which is regarded as potential step corresponding
to its Fermi potential VF . Bottom left: The neutron is slowed down while
flying upwards in Earth’s gravitational potential and accelerated afterwards.
Bottom right: Depending on the neutron spin orientation, HFS (~S ↓↑ ~B) are
accelerated into high magnetic fields whereas LFS (~S ↑↑ ~B) are reflected.

2.2 Introduction to neutron lifetime experiments

Experiments for measuring the free neutron lifetime have been done since the 1940s. In the
beginning, the only type of measurement was the beam method, because neutron beams
from nuclear reactors were available decades before the first UCN sources were built. This
section will give a short introduction into beam and bottle type experiments (of which the
latter are subdivided into storage using material walls and storage using magnetic fields)
along with a brief historical overview over the measurements and techniques developed so
far.

2.2.1 Beam experiments

Beam experiments measure the charged decay products emanating from a cold neutron
beam in a well-defined volume and relate them to the total number of neutrons in the
beam. An exponential decay can be written as

dN

dt
= −N

τn
(2.7)

so that identifying dN/dt with the number of charged decay particles (either p or e−) and
N with the total number of neutrons in the beam, the neutron lifetime τn can be extracted.

Fig. 2.2 shows a schematic view of a beam lifetime experiment. A cold neutron beam
coming from the left traverses a well-known decay volume VD and finally reaches a neutron
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Figure 2.2: Schematic setup of a beam type neutron lifetime experiment. A cold neutron
beam (blue area, individual particles in green) traverses a well-known decay
volume (yellow area) and reaches a neutron detector. The charged particles
(red: protons, blue: electrons) from neutrons that decayed inside the decay
volume are measured by a surrounding detector.

detector. Typically, the detector consists of a material with high neutron absorption cross
section and a short decay time after neutron capture (commonly used materials are 3He,
6Li and 10B). The charged reaction products from this capture are detected by additional
sensors afterwards. The measurement of the charged particles from neutron β decay varies
between the different experiments, however, a common technique in early experiments was
to surround the neutron beam with charged particle detectors [CNB+72] or electrostatic
fields for charged particle collection [Rob51, BKP+78] and thus define the decay volume
accordingly.

The charged particles - let’s say the protons - and neutrons are detected at a rate Rp
and Rn with efficiencies εp and εn, respectively. Following the calculations in [WG11], the
neutron lifetime is then given by

τn ∝
(
Rn
Rp

)(
εp
εn

)
. (2.8)

The difficulty with this method lies in the precise determination of 1) the absolute number
of decay products, 2) the absolute neutron flux, and 3) the size of the decay volume itself.
Furthermore, the production of a continuous neutron beam goes along with a high radiative
background.

By storing the decay protons in a quasi-Penning trap and flushing them towards a
detector in brief intervals, Byrnes et. al. were the first to separate the proton counting
from the background (τn = 889.2 ± 4.8 s) [BDS+90,BD96]. A similar technique was used
in the BL2 experiment at the National Institute of Standards and Technology (NIST) with
the additional possibility to alter the length of the Penning trap L and measure Rn/Rp
as a function of L. This method could handle two of the three mentioned difficulties,
however the absolute measurement of neutrons was and still is one of the main challenges:
It requires a precise knowledge of the neutron flux Φn, the detector solid angle Ω as well as
the areal density of the neutron absorbing deposit of the detector and its absorption cross
section σn. Especially, the last two parameters are a large contribution to the systematic
error of the BL2 result of τn = 886.6± 1.2(stat)± 3.2(sys) s [NDG+05]. A re-calibration of
the neutron detector with a direct measurement of the detection efficiency εn improved the
systematic uncertainty to an updated result of τn = 887.7±1.2(stat)±1.9(sys) s [YDG+13].
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2.2.2 Bottle experiments

In contrast to the beam experiments, which are counting the number of neutrons that
decayed, the bottle experiments count the surviving neutrons. Ultracold neutrons are
confined in a storage vessel for a certain storage time ts during which they decay, and
the remaining neutrons are detected afterwards. Under ideal conditions, the measured
number of neutrons N(ts) depending on the storage time follows an exponential decay law
according to

N(ts) = N0 · exp(−ts/τ) (2.9)

with τ corresponding to the neutron lifetime τn. Experimentally, at least two different
storage times have to be measured, a short t1 and a longer t2 on the order of τn. Along
with the ratio of the remaining neutrons N(t1)/N(t2) at these times, the neutron lifetime
can be extracted as

τ =
t2 − t1

ln [N(t1)/N(t2)]
. (2.10)

Bottle type lifetime experiments have two major advantages over the beam lifetime exper-
iments: N(t1) and N(t2) are relative measurements done with the same detector, so that
the detection efficiencies εn cancel. Furthermore, UCN are produced only at the beginning
of each experimental run, which reduces the radiation background to a minimum unlike the
beam experiments, where a continuously running cold neutron beam is needed. However,
in order to compare the relative measurements, equal initial conditions are required, so
that the results have to be normalised.

2.2.3 Material wall storage

The measurement principle is shown schematically by means of Fig. 2.3. Initially, the
left and right shutters are open, the bottom shutter is closed. Ultracold neutrons are
transported from their source towards the storage vessel, in which they are trapped by
closing the right shutter after the filling process has finished. During the subsequent
storage time, the neutrons decay. Afterwards, by opening the right and bottom shutters
towards the detector (while the left side shutter is closed), the remaining neutrons are
counted.

In an ideal storage experiment, the only loss mechanism would be β decay and thus
τ = τn. However, using material wall storage, additional loss channels have to be taken
into account, which arise from the interaction of the neutrons with the wall material:

1. Absorption or inelastic upscattering by impurities on the surface [Wie18],

2. So-called thermal upscattering by phonon interaction between the wall atoms and
the neutrons [WG11],

3. Scattering on residual gas (which has to be considered in all neutron lifetime exper-
iments),

4. Gaps and slits in the storage vessel through which the neutrons can escape, and
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Figure 2.3: Schematic setup of an example bottle type neutron lifetime experiment using
wall storage. UCN coming from the left are admitted to a storage vessel with
material walls and variable size (yellow area). The shutters in the middle
(orange) are used to guide the neutrons to either storage volume or detector
(grey), and to close the storage vessel during the storage period.

5. Marginally trapped neutrons with energies higher than the wall potential, but which
are reflected under small incident angles. They can be stored for hundreds of seconds
but leave the trap sooner or later and have to be removed before the storage time
begins (this process is also called ’cleaning’).

These loss mechanisms combined with the neutron lifetime result in an effective, experiment
dependent storage time

τ−1
st = τ−1

n + τ−1
abs + τ−1

up + τ−1
trap + τ−1

marg + τ−1
other. (2.11)

In order to extract τn from the measured storage time, the additional decay times have to be
corrected for. In turn, the smaller the loss mechanisms, the smaller the corrections, which
motivates a proper preparation of the storage vessel: Common techniques are wall coatings
with low neutron absorption cross sections and relatively high Fermi potential [MAB+89],
or cooling the walls to reduce thermal upscattering [MBM+93]. As the loss mechanisms
are proportional to the number of wall collisions, the size of VS (and therefore the surface-
to-volume ratio of the storage vessel) is often varied. By measuring τst = τst(VS) and
extrapolating to zero wall collisions (τ(VS = ∞)), the only remaining decay constant is
the neutron lifetime τn. A good storage vessel is characterised by a storage time constant
τst ∼ τn, which means that loss mechanisms and thus corrections required for the measured
result are small.

Since the first bottle lifetime experiments in the 1970s [KKMT80] (O(∆τn) = 10 s),
corrections and systematic uncertainties have become ever smaller [MAB+89,MBM+93,
PVSG10,ABC+15]. The most precise measurements so far, with ∆τn,sys < 1 s, come from
the gravitational trap (Gravitrap) operated by A. Serebrov et. al.: It uses a Fomblinr oil
covered storage vessel (VF = 106.5 neV), which is open at the top, so that here the neutrons
are confined by gravity. By tilting the storage vessel, the UCN spectrum is cleaned and
marginally trapped neutrons are removed [SVK+05] (τn = 878.5 ± 0.7stat ± 0.3sys s). A
larger version of the experiment including a larger storage vessel and a titanium absorber
for spectrum cleaning resulted in τn = 881.5 ± 0.7stat ± 0.6sys s with the systematic error
dominated by uncertainties in the wall coatings [SKF+18].
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2.2.4 Magnetic storage

One way to remove the loss mechanisms associated with wall collisions is using magnetic
storage of UCN. The measurement principle is similar to the storage experiments using
material walls, only that now the ’walls’ of the storage vessel consist of high magnetic
fields, trapping neutrons in the low-field seeking spin state (cf. Ch. 2.1.4). The beauty of
this technique is that there exist no losses due to neutrons interacting with wall material
and therefore no extrapolations with respect to the size of the storage volume have to be
made.

However, magnetic storage is not entirely free of neutron loss mechanisms, so that great
care has to be taken in the magnetic field design:

1. Non-adiabaticity: Neutrons in a magnetic field precess at the Larmor frequency ω0

(cf. Eq. 3.1). If the magnetic field changes at a rate on the order of ω0 or even
faster, the neutron spin loses its alignment with the magnetic field. This can result
in non-adiabatic spin flips, which transform the neutrons to HFS, so that they will
leave the trap. The same is true at zero field points, so that | ~B| 6= 0 has to be fulfilled
in the entire trap. An introduction into adiabaticity is given in Ch. 4.

2. Marginally trapped neutrons: Similar to the storage using material walls, higher en-
ergetic neutrons can be reflected on the magnetic fields under small incident angles.
They can therefore fly on stable orbits for long times (O(t) = 100 s) until they eventu-
ally escape from the trap. This is a problem, because at short storage times, they are
included in the number of surviving neutrons, whereas at long storage times they are
not, so that they have to be removed from the trap in advance. Using an asymmetric
magnetic field design helps to form chaotic flight trajectories, which increases the
probability of large, close to perpendicular incident angles. This leads to a fast de-
crease in the number of neutrons with (E > Vpot), leaving the focus on neutrons with
energies close to the trap potential (E & Vpot). They have to be removed (’cleaned’)
from the trap actively because otherwise their escape time would still be too long for
short storage time measurements. Any cleaning procedure, however, requires chaotic
trajectories as well, so that only a combination of asymmetric magnetic field design
and active cleaning can sufficiently remove higher energetic neutrons from the trap.

Two experiments using magnetic storage have published their results so far, both using
a magneto-gravitational trap. While V. F. Ezhov et. al. still include a relatively large
correction for spin flipped neutrons of 3.7 s (their result is τn = 878.3 ± 1.6stat ± 1.0sys s
[EAB18]), the UCNτ experiment does not require any corrections at all. It stores UCN
magnetically by an asymmetrical cup-shaped array of permanent magnets in order to
eliminate closed neutron trajectories; towards the top, the UCN are confined by gravity.
An additional holding field maintains the spin polarisation during storage [SAB+14]. With
τn = 877.75± 0.28stat (+0.22/− 0.16)sys s, this experiment yields the highest precision in
the determination of the neutron lifetime so far [GFCW+21].

2.2.5 The neutron lifetime puzzle

After this brief overview over the two lifetime measurement methods (three, if material and
magnetic wall storage are counted separately), Fig. 2.4 shows the relevant experimental
results since the year 2005 in comparison. The red data points mark beam experiments,
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Figure 2.4: Overview of neutron lifetime results obtained with the beam (red data points)
and bottle method (blue: material wall storage; green: magnetic storage).
The red shaded area marks the weighted average of the [BD96] and [YDG+13]
result of τ̄beam = 888.0 ± 2.1 s. The current PDG average includes all de-
picted bottle experiments except for the result by Gonzalez et. al. and is
stated as τbottle, PDG = 879.4 ± 0.6 s [ZBB+20] (blue shaded area). The two
measurement techniques yield results, which deviate by 3.9σ. Data taken
from [SVK+05,NDG+05,PVSG10, SPK+12,YDG+13,ABC+15,PCCW+18,
SKF+18,EAB18,GFCW+21].

stars represent reanalysed results. The red shaded area corresponds to the weighted average
of τ̄beam = 888.0± 2.1 s [YDG+13]. All other data points in the plot are the bottle lifetime
experiments, which are (except for the result by Gonzalez et. al.) currently included in the
PDG average of τbottle, PDG = 879.4 ± 0.6 s [ZBB+20], with material wall storage in blue
and magnetic storage in green. Even though τn is measured precisely with both techniques
individually (0.3 % for the beam and 0.07 % for the bottle method), the average results
differ by 3.9σ for which there exist no explanations so far and which is therefore also called
the ’neutron lifetime puzzle’ [Pau09].

One possible explanation for this discrepancy could be systematic effects in beam ex-
periments concerning scattering or charge exchange processes between decay protons and
residual gas, which were unaccounted for or underestimated so far [BW19,SCK+21]. Both
could lead to proton losses before they would be detected and thus the measured neutron
lifetime would result in a larger value.

Another option could be the neutron decaying by channels still unknown, so that the
total neutron lifetime would split into the β and an unknown decay part X according to

τ−1
n = τ−1

β + τ−1
X . (2.12)

Bottle lifetime experiments measure those neutrons that have not decayed by any channel,
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which would then include unknown decays, whereas beam experiments measure the prod-
ucts of β decay only. Again, the neutron lifetime inferred from beam experiments would
thus be larger than the result from bottle experiments.

In 2018, a channel was postulated with the neutron decaying into one or more dark
particles, such as dark photons [FG18]. The exact realisation of such a decay could,
however, be excluded already a short time afterwards [BBGS18,TBB+18,KJM+19]. Also
neutron to mirror-neutron (n − n′) oscillations have been proposed, which would result
in a smaller measured bottle lifetime [Ber19], but so far only upper limits were measured
[BBD+07,BBG+18,AAB+21] to which n− n′ oscillations can be excluded.

A further investigation of the neutron lifetime puzzle therefore requires measurements of
τn with high precision, but also new methods with different systematic effects that in turn
have to be well understood [WG11]. Bottle lifetime experiments using magnetic storage are
thus a valuable approach, because their systematic effects differ substantially from beam
and bottle experiments using wall storage so far.

2.2.6 Neutron lifetime experiments: Current status and prospects

The beam lifetime experiment BL2 is currently taking data to improve the overall un-
certainty yielded in [YDG+13] to ∆τ = 1 s [Sau19]. The new experiment BL3 will be
used to further investigate systematic effects [WFG+16] and aims at ∆τsys ∼ 0.3 s [Sau19].
Furthermore, two new beam lifetime experiments are currently commissioned, one at J-
PARC with a goal of ∆τ = 1 s [NHI+19], and UCNProBe at Los Alamos National Labora-
tory, measuring the proton branching ratio in neutron β decay [TCC+19] (target precision
0.1 %).

Gravitrap as well as UCNτ are currently taking data to reduce their uncertainties, the
experiment by Ezhov is upgraded [Sau19]. In addition, new experiments are planned, such
as the Tau2 experiment, which is based on UCNτ , but will replace the array of permanent
magnets by superconducting coils to allow for a higher energy acceptance in the trap [SU19].
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Chapter 3

The lifetime experiment τSPECT

After having shown the importance of precision measurements of the neutron lifetime and
the advantage of magnetic storage of UCN over storage using bulk material, the magnetic
storage lifetime experiment τSPECT is presented. The first section deals with the storage
principle and the experimental setup. Afterwards the development of critical components
in the experiment are discussed, which lead to the first purely magnetic storage curve.

3.1 Magnetic storage in τSPECT

The τSPECT experiment is located at the pulsed UCN source D at the TRIGA reactor
in Mainz [KSB+14,KRR+17,Kah20] (cf. Ch. A.1). Its key feature is a three-dimensional
magnetic trap for spin-polarised UCN in the low-field seeking state, which is defined by
the superposition of a longitudinal and a radial magnetic field as shown in Fig. 3.1.

The longitudinal field called B0 is produced by superconducting coils and was originally
used in the aSPECT experiment, measuring the correlation coefficient a in neutron β
decay [BAGB+20] (cf. Ch. 1.3.1.1). It consists of two magnetic field peaks and a low field
region in between - the so-called ’holding field’ - to maintain the spin state during storage
(cf. Ch. 2.2.4), and is adjusted in magnitude by the current Imain flowing through the
coils. The radial field is generated by an octupole made from permanent magnets (storage
octupole, SO). Its magnetic field increases with r3 to Boct & 780 mT = Bmin

oct at the surface
of the octupole1 [Haa16]. The superposition of the two magnetic fields results in a low
field region, where LFS can be stored. If Imain is set high enough so that at the edge of the
magnetic trap B0 ≥ Bmin

oct , the octupole field limits the trap potential and the maximum
storable neutron energy calculates to Emax

n = Vpot = µnB
min
oct = 47 neV.

This is shown in Fig. 3.2 for Imain= 33 A. The positions where B0(z, Imain) = Bmin
oct

represent the outer edges of the storage volume in longitudinal direction. Given the storage
octupole radius r = 54 mm (cf. Ch. 3.2.1), the maximum storage volume then calculates
to V max

st = 10.67 L. However, only neutrons with the highest energies reach the outer edges
and thus fill the entire trap. For lower energetic neutrons, the storage volume is reduced
depending on the neutron energy and the shape of the magnetic fields, which define the
accessible region.

1The measurements were done by J. Haack on a radius of r = 51.5 mm, yielding Bmin
oct ' 695 mT. This

value is extrapolated to Bmin
oct (r = 53.5 mm) ' 780 mT close to the octupole surface.

21
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Figure 3.1: Field superposition used for magnetic storage of UCN. An adjustable longi-
tudinal magnetic field (red line, the direction is marked by the red arrow)
is produced by superconducting coils, its double-peak shape originates from
requirements of the aSPECT experiment. The radial field (blue) is produced
by an octupole magnet with Boct & 780 mT. The UCN (LFS) are trapped
magnetically inside the low field region in the middle of the field superposi-
tion (yellow area). Assuming the trap depth limited by the octupole field,
the maximum storable neutron energy calculates to Emax

n = Vpot = 47 neV.
Figure adapted from [Kar17].

Ramping up B0 to the target current or down to 0 A takes roughly 30 min, so that the
trap cannot be filled with UCN or emptied after storage by briefly lowering the magnetic
potential. Instead, special filling and emptying processes are required, which are presented
in the next section.

3.1.1 Experimental setup

A schematics of the main components in τSPECT is shown in Fig. 3.3: The experiment
is housed inside a cryostat, which is required for cooling the superconducting coils down
to below their critical temperature (TC, NbTi = 9.2 K [PKQ+19]). Neutrons from the
UCN source enter the experiment through a shutter from the left and are transported
by a double tube beamline made from stainless steel and quartz glass. As soon as they
reach the longitudinal magnetic field, they get spin polarised: High-field seeking UCN are
accelerated, whereas LFS are slowed down. If their kinetic energy Ekin,0 is smaller than
the magnetic potential of the first field peak, they are reflected (with B0(33 A) = 1.020 T,
this corresponds to Vpot = 61.52 neV). This means, that only LFS with energies above the
first peak potential and HFS reach the trap, which are both unstorable.

Therefore it is necessary to convert the low energetic HFS to the low-field seeking state
after they passed the magnetic field peak (cf. Ch. 4.2.1 for the energies involved in this
process). This is done by the spin flipping unit (SFU), which consists of a spin flipper (cf.
Ch. 3.3.1) and an additional magnetic octupole to reduce the storage octupole field around
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1950 mm. The original measurement data of the octupole field is re-scaled to
r = 53.5 mm (yellow markers, only one data set shown), the minimum field
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refers to the longitudinal field gradient (turquoise line). The positions where
B0(z, 33 A) = Bmin

oct are the outer confinements of the trap (blueish region)
with V max

st = 10.67 L. Stored UCN with energies less than the trap limit
occupy a smaller storage volume.

the spin flipper (cf. Ch. 3.2.2).
The theory of the adiabatic fast passage spin flipper is discussed in detail in Ch. 4.1, so

that here only the basics are briefly outlined. Neutrons in a magnetic field precess at the
Larmor frequency

ω0 = −γB (3.1)

with γ the gyromagnetic ratio of the neutron. In τSPECT, this frequency is position-
dependent. At a position zSF in the decreasing part of the first peak of B0, a magnetic field
B1 transversal to the z-axis is irradiated, which oscillates at a frequency ωSF = ω0(zSF),
matching the corresponding Larmor frequency within its centre. In a reference frame
rotating at ωSF, the neutrons experience an effective magnetic field consisting of a reduced
longitudinal field −∆ω(z)/γ = −(ω0(z) − ωSF)/γ and B1. Due to the negative gradient
of B0, ∆ω(z) > 0 if z < zSF and ∆ω(z) < 0 if z > zSF. The longitudinal component of
the effective field thus changes sign and the neutron spin, following this field adiabatically,
is flipped by 180◦. Adiabaticity in this context means, that the relative change of the
magnetic field with time, as experienced by the UCN flying at a velocity v, is (much)
smaller than ω0.

The spin flipping unit is positioned at the end of the field peak of B0 close to the holding
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Figure 3.3: Schematic overview of the τSPECT setup. The experiment is housed inside
a cryostat (green) to cool down the superconducting coils to their operat-
ing temperature. The storage volume is defined by the superposition of B0

(red line, direction shown by the red arrow) and the octupole field (position
marked in blue). An iron yoke surrounds the cryostat to minimise stray fields.
Neutrons enter the experiment through a shutter from the left and are trans-
ported by neutron guides (yellow and light blue). They get spin polarised
in the B0 field, HFS are accelerated into the high field, LFS are decelerated.
The spin flipping unit converts HFS into storable LFS and is afterwards re-
tracted from the storage volume by the spin flipper side translation stage to
maintain purely magnetic conditions during storage. A neutron detector is
located on the right, movable by the detector side translation stage. During
the filling process, the detector remains outside the storage volume. The axis
at the bottom represents the z-axis of the experimental coordinate system.

field, so that the spin flip can take place in low field gradients and thus adiabaticity is
fulfilled. This means, however, that the SFU, and thus bulk material, is located inside the
trap, which is not compatible with the concept of purely magnetic storage (cf. Ch. 2.2.4).
Therefore, the SFU has to be retracted from the storage volume, which is done by the spin
flipper side translation stage: A gear spindle driven wagon is connected to a stainless steel
tube, which houses a quartz neutron guide and has the SFU attached to its rear end. By
pulling at the steel tube, neutron guide and SFU are retracted until both come to rest in
the high field outside the trap.

The neutron detector on the right side (cf. Ch. 3.4) can be moved into the trap by the
detector side translation stage. The detector as well as the translation stages are the work
of J. Kahlenberg and are discussed in detail in [Kah20].

Each measurement with τSPECT can be divided into four steps, which are executed
one after another:

1. Filling: During the filling process, the entrance shutter is open, the SFU is positioned
inside the storage volume and the detector is in its so-called storage position in the
high field of the second magnetic field peak (see Fig. 3.3). UCN are produced by a
reactor pulse and are filled into the trap as long as the spin flipper is switched on
and irradiates the transversal, oscillating magnetic field.

2. Cleaning: The shutter closes and the SFU is retracted from the storage volume
(see Fig. 3.4, top). Now the trap is filled with LFS with energies below the trap
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Figure 3.4: Measurement procedure in τSPECT after the filling process has ended.
Cleaning (top): The SFU is retracted from the storage volume to maintain
purely magnetic conditions. The neutron detector drives to the edge of the
storage volume and removes marginally trapped neutrons (yellow). Storage
(middle): The detector drives back to the storage position and the neutrons
can leave the trap only by β decaying. Counting (bottom): After storage,
the detector drives to the counting position inside the storage volume and
counts the remaining neutrons. Afterwards, detector and SFU drive back to
their initial positions for a new measurement cycle.

potential but also such with higher energies but small reflection angles (marginally
trapped neutrons). Since these neutrons have storage times on the order of the
neutron lifetime (cf. Ch. 2.2.4), they have to be removed from the trap in advance.
Therefore, the detector drives to the edge of the storage volume and absorbs all
neutrons which have energies En & Vpot = µnB(z) at this position and arrive at
the detector within the cleaning duration. The parameters of this procedure (the
cleaning position in the magnetic field and the cleaning duration) highly depend on
how chaotic the neutron flight trajectories are and thus require careful optimisation.
Details on this optimisation process can be found in Ch. 5.3.1.
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3. Storage: The detector is pulled back to the storage position and the storage time
begins, during which the neutrons can only leave the trap by β decaying (Fig. 3.4,
middle). The storage time is varied between the measurements and typically ranges
from ts = 20 s to 2000 s.

4. Counting: After the storage time, the detector drives to the counting position
located inside the storage volume and detects the remaining neutrons (Fig. 3.4, bot-
tom). Afterwards, the detector is pulled back to the storage position again and the
SFU drives to its filling position in preparation for a new measurement cycle.

The storage of UCN in the longitudinal magnetic field in τSPECT was successfully demon-
strated by J. Karch in a prototype measurement [Kar17]. Instead of the storage octupole,
a quartz tube was used for radial confinement (Fermi potential2: VF = 90 neV) resulting
in a hybrid storage using magnetic and material walls. With the installation of the storage
octupole in 2018 [Kah20], τSPECT was upgraded to a purely magnetic storage experiment.

3.1.2 The spin flipping unit

The spin flipping unit is depicted in Fig. 3.5 in order to give an overview of the subcompo-
nents discussed in detail afterwards. It consists primarily of an octupole magnet to reduce
the radial field of the storage octupole (cf. Ch. 3.2.2) and the spin flipper that produces
the B1 field (cf. Ch. 3.3.1). The yellow line marks the centre of the spin flipper, to which
the nominal spin flip position zSF refers to. On the right, the front of the SFU, a ring

2An overview over the Fermi potentials of all material used in this work is found in Tab. B.1.

Figure 3.5: Overview of the SFU components. The spin flipper (centre position marked
by zSF) is surrounded by an octupole magnet (compensation octupole), which
has a ring with four spring mounted rolls attached to its front as well as a
Cu shield for neutron reflection. UCN are transported by the neutron guide,
which is narrowing from r = 36.5 mm to r = 25 mm in front of the SFU
due to spacial constraints. The SFU is moved in and out of the trap by a
stainless steel tube, which is connected to the translation stage outside of the
cryostat. A 1-axis Hall probe measures the longitudinal component of the
magnetic field in τSPECT.
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with four spring-mounted rolls made of polyether ether ketone (PEEK) is mounted for
supporting the weight of the SFU on the storage octupole surface. They are positioned at
45◦ with respect to the vertical axis to improve the gravitational force distribution. The
UCN are transported from the left towards the storage volume by the neutron guide, which
due to spacial constraints is narrowed from a diameter r = 36.5 mm to r = 25 mm in front
of the SFU. The outer shell of the SFU is built from titanium (VF = −48 neV), so that
a copper shield is attached to the front (VF = 168 neV) to reflect the neutrons inside the
trap during the filling process. A stainless steel tube connects the compensation octupole
to the translation stage outside the cryostat, so that the entire SFU can be moved out of
the trap and back in. The longitudinal component of the magnetic field in τSPECT is
measured using a 1-axis Hall probe3 in a distance ∆z = −61.4 mm from the spin flipper
centre.

3.2 Compensation of the octupole field

3.2.1 Halbach octupoles

The two octupoles used in τSPECT are based on the so-called Halbach array, a special
arrangement of permanent magnets developed by Klaus Halbach [Hal80], in which the
magnetic flux escapes only on one side and vanishes on the other side. Ideally, this is
achieved by a continuously changing magnetisation direction in the material, as is shown
in Fig. 3.6 (left) for an infinite linear Halbach array.

Halbach arrays in a cylindrical shape can be used for building magnets with a strong
magnetic field on the inside and a vanishing field on the outside. Depending on the mag-
netisation change, arbitrarily high order multipoles can be constructed as shown in Fig. 3.6.
Here, m refers to the number of pole pairs (m = 1: dipole, m = 2: quadrupole, and m = 4:
octupole). Following Halbach’s calculations in [Hal80], the amplitude of the magnetic field

3Arepoc HHP-NA, http://www.arepoc.sk

Figure 3.6: Ideal Halbach arrays of different shapes and orders. The magnetisation di-
rection changes continuously and the magnetic flux escapes only on one side
of the array. Left: An infinite linear Halbach arry. The circular arrays show
cuts through infinite Halbach cylinders with strong magnetic fields on the
inside and vanishing fields on the outside. The multipole order is chosen by
the magnetisation change per unit angle. From left to right: Infinite plane,
dipole (m = 1), quadrupole (m = 2) and octupole (m = 4).

http://www.arepoc.sk
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on a radius ~r inside an infinite cylinder is given by

B = BR ln

(
ri
ro

)
for m = 1 (3.2a)

B(~r) =

(
~r

ri

)m−1

BR
m

m− 1

[
1−

(
ri
ro

)m−1
]

for m ≥ 2 (3.2b)

with ri and ro the inner and outer radii of the Halbach cylinder, respectively, and BR the
magnetic remanence of the material. Unfortunately, infinite magnetic cylinders are not
realisable and additionally a uniformly changing magnetisation on a continuous material
is hard to manufacture. Approximating the ideal Halbach cylinder with discrete magnetic
segments is a far easier method, as magnets with different sizes, strengths and magneti-
sation directions are commercially available, and the main task is their arrangement into
a Halbach array. Due to the segmented structure, the magnetisation angle now changes
discretely between the segments with

α = (m+ 1)ϑ (3.3)

where α is the magnetisation direction of the segment and ϑ its location angle [Blu16]. In
case of a Halbach octupole with m = 4, this would result e.g. in a magnetisation by an
angle α = 225◦ at the location angle ϑ = 45◦, or α = 450◦=̂90◦ at ϑ = 90◦ (0◦ assumed in
vertical direction).

3.2.2 The magnetic octupoles in τSPECT

The storage octupole4 is a discrete Halbach octupole consisting of 24 rings, each made
from 32 segments of Sm2Co17 with a magnetic remanence of BR = 1.1 T. It was designed
by S. Dragisic, who chose this material, because it does not undergo a phase transition at
low temperatures [Dra14]. Each ring is 57.5 mm long, so that the storage octupole has an
overall length of 1380 mm; the inner radius is rSO = 54 mm. The minimummagnetic field at
r = 53.5 mm close to the octupole surface, which limits the magnetic trap, is extrapolated
from the measurement results by J. Haack [Haa16] and found as Bmin

oct = 780 mT.
However, while octupole fields fall off towards the centre rapidly due to the r3 depen-

dency (cf. Eq. 3.2b), in the radial range of the neutron guide significant transversal fields
remain. Ch. 4.1.2 derives a criteria for efficient spin flipping in the presence of transversal
fields as

k =
∇tB(rmax)

∇zB(r = 0 mm)
. 3, (3.4)

where ∇tB(rmax) is the transversal field gradient5 at the neutron guide radius rmax and
∇zB(r = 0 mm) the longitudinal gradient at its centre.

4The octupole was manufactured and delivered by Arnold Magnetic Technologies AG, the used material
is called Recoma28HE.

5In a symmetric octupole, the total magnetic field B(r) on a circle with fixed radius r is constant and
the orientation of this field changes continuously between radial and angular direction when using cylinder
coordinates. The same is true for the total magnetic field gradient, which on this circle remains of equal
amplitude but changes its orientation in the r−ϕ plane. In a general notation, this gradient is thus referred
to as transversal field gradient ∇tB in this work.

https://www.arnoldmagnetics.com/
https://www.arnoldmagnetics.com/wp-content/uploads/2017/10/Recoma-Combined-160301.pdf
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Given the octupole field components Br, Bϕ and Bz in cylinder coordinates, as well as
B0 pointing along the z-axis, the total magnetic field is calculated as

| ~B| =
√
B2
r +B2

ϕ + (Bz +B0)2. (3.5)

The radial dependency of the longitudinal field B0 is negligible close to the central axis
and is thus not taken into account here. The total field in turn scales the components of
the field gradient according to

∇B = (∇rB)êr + (∇ϕB)êϕ + (∇zB)êz

=
Br

| ~B|
dBr
dr

êr +
1

r

Bϕ

| ~B|
dBϕ
dϕ

êϕ +
Bz

| ~B|
dBz
dz

êz.
(3.6)

If not stated otherwise, the radial and angular field gradients in this work are combined in
the more general transversal field gradient

∇tB =
√

(∇rB)2 + (∇ϕB)2. (3.7)

In order to estimate, whether spin flips are possible at the design position zSF(design) =
1100 mm [Kah20], the parameter k in Eq. 3.4 is evaluated using the longitudinal and
transversal field gradients at this position. At Imain = 33 A, a magnetic field of B0 =
197.7 mT and a longitudinal gradient ∇zB(r = 0 mm) = 0.4 mT/cm are found. The
field of the storage octupole is approximated analytically in Ch. A.5.1.2. Assuming the
neutron quartz guide at rmax = 36.5 mm without the narrowed tube section (cf. Ch. 3.1.2)
and calculating the octupole field at one of its poles (this corresponds to Bϕ = 0 mT),
∇tB(rmax) = 154.2 mT/cm is inferred. Inserting the gradients in Eq. 3.4 results in k = 378,
so that at the design position the spin flip condition is highly violated.

With ∇tB decreasing at smaller radii, a reduction of the neutron guide diameter only
could be considered. However, in order to fulfill k ' 3, a radius of only r = 13.3 mm is
necessary. In terms of neutron guide cross sections, this corresponds to a reduction by
87 %, which is inefficient. Thus, it is unavoidable to reduce the octupole field itself in the
spin flipping region.

To do this, a second octupole magnet (compensation octupole, CO) is used, which
generates a magnetic field of the same shape as the storage octupole but is rotated by
45◦ around its longitudinal axis. Due to rotational symmetry, then opposing magnetic
poles align, so that the remaining field after superposition should ideally vanish. The
configuration is shown in Fig. 3.7 (left), the arrows mark the magnetisation direction of
individual segments. The grey circle corresponds to the narrowed neutron guide with
r = 25.0 mm, which is required for the spin flipper to still fit between neutron guide and
compensation octupole. The dimensions of the compensation octupole were optimised
in [Ros17] along with theoretical studies concerning its precise alignment with the storage
octupole. The results are briefly recapitulated here.

In order to receive the same behaviour upon cool down in τSPECT, the compensation
octupole has to be made of the same material as the storage octupole (Sm2Co17 (Re-
coma28HE) from Arnold Magnetic Technologies with a remanence of BR = 1.1 T). It is
constructed from 5 rings, each containing 32 magnetic segments, and is in total 150 mm
long. The outer radius of the compensation octupole is fixed to ro,CO = 47.0 mm to leave
space for a construction shell. The inner radius is determined analytically by using Eq. 3.2b
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separately with the storage octupole and with the compensation octupole dimensions, leav-
ing ri,CO the only free parameter. Equating the fields then results in ri,CO = 41.2 mm.

The quality of the field compensation, however, relies heavily on a good orientation of
the two octupoles with respect to each other. The main misalignments are

1. a non-perfect rotational orientation,

2. a non-perfect axial alignment,

3. variations in the position of each magnetic segment, and

4. fluctuations in the magnetisation angles and strengths of the segments.

The effects of the first two mentioned misalignments are shown on the right side of
Fig. 3.7 in comparison with the magnetic fields without and with perfect compensation.
The remaining field at perfect compensation arises from the discrete magnetic segmentation
of the two octupoles. The compensation is evaluated at the neutron guide radius r =
25 mm and results in 99.7 % for perfect alignment (reduction of the field from 96.96 mT
to 0.33 mT), 93.0 % for a radial misalignment by δϕ = 1.0◦ and only 63.9 % for an axial
misalignment by δy = −3.0 mm in vertical direction (this would correspond to a sagging
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Figure 3.7: Principle of octupole field compensation and results from a FEM simulation
using COMSOL Multiphysicsr. Left: Storage octupole (blueish) and com-
pensation octupole (red) with the arrows showing the magnetisation direction
of individual segments. A rotation by 45◦ between the octupoles results in
an alignment of opposing poles, so that the magnetic field inside ideally van-
ishes. The grey circle marks the position of the narrowed neutron guide.
The field along the dashed line is used for analysing the compensation effect.
Right: The absolute magnetic field on the analysis line without (blue) and
with perfect compensation (red), a rotational offset by δϕ = 1.0◦ (green) and
an axial offset by δy = −3.0 mm in vertical direction (yellow dashed). For
better clarity, the y axis is in logarithmic scale. The black lines correspond to
the inner radius of the neutron guide, the shaded region is outside of neutron
range.
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of the compensation octupole). The values for the misalignments were chosen as rough
estimations in anticipation of what we find in the experimental setup later.

As a result of this analysis a construction is required for τSPECT, which keeps the
orientation of the compensation octupole fixed and as close to the desired 45◦ as reasonably
possible, and which centres the compensation octupole. At the same time mobility must
be maintained, so that the compensation octupole (and thus the spin flipping unit) can be
retracted from the storage volume.

The construction of the compensation octupole is discussed in detail in Ch. A.2, the
finished octupole is shown in Fig. 3.8 (left). The right side depicts the front section of
the SFU: Four spring-mounted PEEK rolls are attached to the compensation octupole via
an adapting ring, on which it is moved on the storage octupole surface. The springs are
used in an attempt to keep the axial offset due to gravity as small as possible, and to
smoothen the movement over the segment edges of the storage octupole6. However, even
though the springs were built from spring steel (the strongest material available for this
purpose [Wor18]), the compensation octupole sagged visibly within the storage octupole7.
Finally, a copper shield covers the entire front of the compensation octupole, apart from a
circular cutout in the centre, through which the UCN can travel into the storage volume.

The orientation of the compensation octupole inside the storage octupole is set and
maintained by a flange, which is welded to the first part of the translation stage as is
shown in Fig. 3.9 (the construction is the work of J. Kahlenberg [Kah20]). This flange has
four indentations 90◦ apart containing insets made from Teflonr (PTFE), which glide on
a fixed rail construction. The SFU thus remains movable in z-direction with the gearing
of the flange and the rails preventing rotation.

6According to [Haa16], small steps of up to 1.03 mm between adjacent rings of the storage octupole
occur.

7During an optimisation of the alignment in 2020, the lower springs were removed and rolls with rigid
axles were installed (cf. Ch. 5.2.1), but until then the axial misalignment could not be avoided.

Figure 3.8: Finished compensation octupole (left) and front assembly of the SFU (right).
Four spring-mounted PEEK rolls are connected to the compensation octupole
via the adapting ring allowing the movement on the storage octupole surface
and keeping the axial offset in the alignment small. The copper shield reflects
neutrons during the filling process.
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Figure 3.9: The gearing principle of the compensation octupole rotation fixation in a
schematics (middle) as well as the relevant components prior to the final as-
sembly in τSPECT (left and right). A movable flange is welded to the stain-
less steel tube, to which other end the compensation octupole is connected.
This flange has four indentations 90◦ apart, which enclose four fixed rails con-
nected to the storage octupole. Additional PTFE insets increase the mobility
in z-direction, while maintaining the rotational orientation of the compensa-
tion octupole. The construction is the work of J. Kahlenberg [Kah20].

3.2.2.1 Measurement of the compensated octupole field

After the construction of the compensation octupole was finished, the magnetic field of the
storage octupole with and without compensation were measured and compared afterwards.
The compensation octupole, including the adapting ring with the PEEK rolls and the
copper shield, was mounted to the first part of the translation stage to secure the rotational
orientation (cf. Fig. 3.9). With the storage octupole not having been installed in τSPECT
at that time, the compensation octupole was inserted from one side and the magnetic field
measurement could be done from the other side of the storage octupole.

The setup is shown in Fig. 3.10, on the left a schematic view and on the right the
experimental realisation from outside the storage octupole. The compensation octupole
was positioned with its centre at what in τSPECT corresponds to the design position
for the filling process at zSF(design) = 1100 mm. The field measurement was done with
a calibrated high-precision 3-axis Hall probe8 mounted on a probe holder. This holder
was connected to a gear rack and was moved back and forth inside a guiding tube by a
stepper motor. A plate was welded to the tube, which was then connected with screws
to the mounting holes in the storage octupole. By rotation of the gear rack, and thus
the probe holder and the Hall probe, the measurement angle could be adjusted. The
angle adjustment plate fixed the orientation during individual measurements and allowed
for equally distributed measurements in steps of ∆ϕ = 360◦/64 = 5.63◦. At its front,
the probe holder was shaped such as to fix the Hall probe on four different radii r =
{10, 15, 20, 25}mm. The measurement range along the z-axis was limited by two electrical
end stops. The coordinate system of the measurement is cylindrical to reflect the octupoles’
geometry. The angle ϕ = 0◦ is aligned with the upper mounting hole in the storage octupole
and lies in the middle of two adjacent magnetic poles. Every measurement consisted of the
following steps:

1. The radius was selected by mounting the Hall probe to the corresponding place on
8SENIS 3-Axis Hall Probe F3A-03KS10C, readout by 3-Axis Digital Teslameter 3MH3A-0.1%-2T

[sen19]
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Figure 3.10: Setup for the magnetic field measurement with and without the compensa-
tion octupole. Left: The 3-axis Hall probe is mounted on a probe holder,
which, connected to a gear rack, is moved back and forth inside the guiding
tube (turquoise) by a stepper motor. The angular orientation of the gear
rack and thus the holder and the probe itself is set and maintained by the
angle adjustment plate. The measurement range is limited by two electrical
end stops (not shown here). Right: A photography of the measurement
setup from the outside.

the probe holder.

2. The measurement angle was selected by rotating the angle adjustment plate.

3. The probe holder was moved out until the outer end stop was reached. This was the
starting position.

4. A measurement point was taken every ∆z = 5(2) mm until the rear end stop was
reached. The error is a conservative estimation from the manual distance mea-
surement between the start position of the measurement and the front of the com-
pensation octupole and the adjustment of the number of motor steps required per
millimeter driving distance.

5. Finally, the probe holder was pulled back to the starting position.

Before mapping the magnetic field, an Allan deviation measurement was done to esti-
mate the required measurement time for each data point (cf. Ch. A.2.3). The optimum
was found at t = 1.0 s. A reproducibility check was done, measuring the same configuration
at the arbitrary angle ϕ = 293◦ and r = 25 mm ten times in a row: The results shown in
Fig. 3.11 refer to the absolute magnetic field9 Babs and are in good agreement in a range up
to zrel ∼ 210 mm, afterwards they spread to a maximum of Bmax

abs −Bmin
abs = 0.83± 0.02 mT

at the very end, which may be caused by gravitational sagging of the Hall probe holder.
Taking this into account, the error in each field component was conservatively estimated
as ∆B = 0.5 mT.

9The error bars of the individual magnetic field measurements are estimated from the Allan deviation
(σB(1 s) ' 0.016 mT at 128 internal averages, cf. Ch. A.2.3), which was assigned to each field component
before calculating ∆Babs by Gaussian error propagation.
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Figure 3.11: Reproducibility of the compensated magnetic field measurement. On a fixed
angle of 293◦ and r = 25 mm, the measurement was repeated 10 times in a
row. The results spread to a maximum of Bmax

abs −Bmin
abs = 0.83±0.02 mT on

the right, which may be caused by gravitational sagging of the Hall probe
holder. From this value, the error in each measured field component is
estimated as ∆B = 0.5 mT.

The octupoles as well as the rotational fixation of the translation stage show a 90◦ sym-
metry, so that four orientations of the compensation octupole inside the storage octupole
are possible. The measurements and results of finding the best orientation are discussed in
Ch. A.2.4, the optimum is found in ’orientation No. 4’, which was chosen for all following
measurements and also for the final assembly in τSPECT.

During the uncompensated field measurement, the compensation octupole was pulled
out of the measurement region as far as possible. The field was mapped on all four radii
and at all available measurement angles. Afterwards, the compensation octupole was put
back in position and the measurements were repeated.

Effectivity of the field compensation Fig. 3.12 depicts the measured radial field
component at r = 25 mm without (left) and with field compensation (right) at the longitu-
dinal position zrel = 120 mm, which is roughly in the middle of the compensation octupole.
While the uncompensated field shows eight poles as expected (multipole order m = 4, cf.
Ch. 3.2.1), the number of poles of the remaining field after the compensation is reduced to
six (m = 3).

To investigate this effect, the fields were additionally simulated using COMSOL Multi-
physicsr, where the uncompensated field simulation confirms the octupole structure. In
the compensated field simulation, a rotational and an axial offset were included in separate
runs: With a rotational offset even by a comparably large but randomly chosen δϕ = 5◦

the field remains of octupolar shape (the result is not shown here), whereas an axial
misalignment by δy = −3 mm results in a hexapole field with both structure and field
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Figure 3.12: Radial magnetic field component without (left) and with field compen-
sation (right). The black markers show the measurement results at r =
25 mm and zrel = 120 mm, the solid lines are simulations using COMSOL
Multiphysicsr with an axial misalignment of the compensation octupole by
δy = −3 mm in vertical direction. Without compensation the field shows an
octupolar structure with multipole order m = 4, which is reduced to m = 3
when including the compensation octupole.

amplitude roughly matching the measurement results. In fact, Ch. A.5.1.2 deduces an
analytic approximation of the compensated field, where an axial offset by δy = −2.6 mm
and a rotational offset by δϕ = 0.2◦ are deduced. Thus, the axial misalignment caused
by the gravitational sagging of the compensation octupole does not only lead to a non-
vanishing residual magnetic field but is also responsible for the reduction of the multipole
order.

A map of the uncompensated and the compensated field at r = 25 mm is shown in
Fig. 3.13, more measurement results for the radii 10, 15 and 20 mm can be found in
Appendix B. Especially at the uncompensated field we find that the measured field at
the top (ϕ = 0◦) is stronger than that at the bottom (ϕ = 180◦), which contradicts the

Figure 3.13: Octupole field map without (left) and with compensation (right) on a mea-
surement radius r = 25 mm.
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initial assumption that the Hall probe holder sagged due to gravity. A simulation using
COMSOL Multiphysicsr revealed, that if the centre of the measurement plane in r − ϕ
direction and the octupole axis are not fully aligned but offset by δy ' +0.8 mm in vertical
direction, this behaviour can be explained (cf. Fig. B.1). Such an offset can occur e.g. if
the guiding tube is not fully straight or welded not perfectly perpendicularly to the plate
that connects it to the storage octupole (cf. Fig. 3.10).

In order to quantify the compensating effect, we focus on the region between zrel,1 =
60 mm and zrel,2 = 180 mm. The limits were chosen assuming an effective spin flipper
length of 100 mm and including an offset of 10 mm on each side, and its centre position in
the middle of the compensation octupole, here zrel = 120 mm. The absolute magnetic field
and gradient were calculated at each measurement point and afterwards the maximum and
average values were determined. The results of this analysis are given in Tab. 3.1. The
compensation C of each component Bi was calculated as C = 1− (Bi,comp./Bi,uncomp.). A
weighted average yields a total compensation of the octupole field by 60.4(1.0)%.

As the measurement radius r = 25 mm of Babs,mean and |∇tB|mean corresponds to the
radius of the narrowed neutron guide (cf. Ch. 3.1.2), we can use the results to recalculate
the spin flip parameter k in Eq. 3.4: Along with B0 = 197.7 mT at the spin flip design
position zSF(design) = 1100 mm we find the total magnetic field B = 199.3 mT (cf. Eq. 3.5)
and its gradients ∇zB = 0.4 mT/cm and ∇tB = 3.6 mT/cm (cf. Eq. 3.6). With k =
∇tB/∇zB = 9.0, the spin flip condition is still violated on radii close to the neutron guide
edges. However, as shown in detail in Ch. 4.1.2, when varying the position of the spin flip
and thus the longitudinal gradient ∇zB, regions can be found where efficient spin flips are
possible.

Table 3.1: Comparison of the uncompensated and compensated octupole field at r =
25 mm with respect to maximum and mean absolute fields and gradients.
The error in the mean field and gradient are the standard deviation of the
results of all evaluation positions. The gradients point in transversal di-
rection according to Eq. 3.7. The compensation C was calculated using
C = 1− (Bi,comp./Bi,uncomp.) with Bi the component of interest.

Component Uncompensated field Compensated field Compensation C (%)

Babs,max 83.7(5) mT 33.4(5) mT 60(1)
Babs,mean 75(5) mT 25(4) mT 67(6)

|∇tB|max 197(31) mT/cm 60(10) mT/cm 70(7)
|∇tB|mean 112(54) mT/cm 29(15) mT/cm 74(18)

3.2.3 Zero-field points

Inside the storage octupole, the magnetic field is dominated by the transversal components
Br and Bϕ, with the z-component being vanishingly small. However, the fringe field of the
compensation octupole generates a longitudinal field, which, if on the order of magnitude
of B0 and pointing in the opposite direction, can lead to points with zero field at which
the neutrons depolarise (cf. Ch. 2.2.4).

Fig. 3.14 is used for an estimation of possible zero-field points inside the neutron guide:
B0(z) around zSF(design) is added by components to the compensated octupole field at
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Figure 3.14: Superposition of the measured compensated octupole field at r = 25 mm
and B0 in order to investigate the neutron guide region for zero-field points.
Seen from above, the neutrons enter from the bottom, the storage volume
is located at the top. The lines correspond to the spin flipper centre (red)
and the physical edges of the compensation octupole magnets (black). The
absolute field drops nowhere to below Bmin = 174 mT, so that zero-field
points and thus depolarisation at such points can be excluded.

r = 25 mm (cf. Tab. 3.1) and the absolute magnetic field is calculated. The position is
chosen, because here, B0 is close to its minimum value (at Imain = 33 A the minimum lies
at z(B0,min) = 1056 mm with B0,min = 196.6 mT) and thus the compensation octupole
has the largest impact. The y-axis corresponds to the longitudinal position in τSPECT.
The red line represents the centre of the spin flipper, the black lines mark the edges of the
compensation octupole. The position of the copper shield (zCu-shield = 1227 mm) where
the neutrons enter the storage volume lies outside of the measurement region. The fringe
field is clearly visible in the wavy structure around the octupole edges. However, because
the field is still dominated by B0(z), no results smaller than Bmin ' 174 mT are found.

As the magnetic field directly behind the copper shield could not be measured, it was
simulated using COMSOL Multiphysicsr. It was shown earlier in this chapter, that an
axial offset by δy = −3 mm in the alignment of the compensation octupole e.g. due to
gravitational sagging on the spring-mounted rolls (cf. Fig. 3.8) leads to a relatively large
miscompensation (cf. Fig. 3.7). In comparison to smaller axial offsets, this field also
generates the largest fringe fields, so that it is used as a worst-case scenario here. In the
simulation, the highest values for Bz were found at the magnetic poles of the compensation
octupole. Therefore, the field map was extracted from a vertical r − z plane through the
centre at r = 0 mm. As before, the B0 field is added by components and the absolute field
is calculated. The result is shown in Fig. 3.15.

The graphical overlay roughly depicts the front of the spin flipping unit. The magnetic
field seen by the neutrons is delimited by the neutron guide. After the neutrons enter the
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Figure 3.15: Simulation of the total magnetic field in τSPECT, as a combination of the
B0 holding field and the worst case fringe field of the compensation octupole
at an axial misalignment of δy = −3 mm. Shown is the shape of the SFU
front with the compensation octupole (green), the storage octupole (grey),
the neutron guide (blue) and the Cu shield. The field of the octupoles was
simulated on a vertical r−z plane through the centre at r = 0 mm and added
to the B0 field by components. The minimum is found as Babs = 20.8 mT
at the position marked by the yellow circle. In the area occupied by the
neutrons within the neutron guide and on the right side of the Cu shield,
zero-field points and thus depolarisation at such points can be excluded.

trap during the filling process, they are prevented from accessing the area of the fringe
field by the Cu shield. The fringe field (the field minimum is found as Bmin = 20.8 mT) is
thus contained mostly by the material between the magnets themselves and the Cu shield
and is negligible in regions accessible to neutrons.

We therefore conclude, that no zero-field points are created in the trap by inserting the
compensation octupole in τSPECT and depolarisation of the neutrons on such points can
be excluded.
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3.3 The spin flipper

The spin flip of UCN from high-field seekers to low-field seekers requires an oscillating
magnetic field B1 perpendicular to the static holding field B0. The first spin flipper used
for τSPECT was a so-called ’birdcage resonator’, which was, however, later replaced by a
pair of saddle coils (cf. Ch. 5.1).

3.3.1 Birdcage Resonators

In general, a homogeneous transversal magnetic field can be produced by a cosine-theta coil,
which is shown schematically in Fig. 3.16. A direct current J through the coil wires gener-
ates a static magnetic field, whereas with an additional time modulation (J(t) = J0 sin(ωt))
an oscillating transversal B1 field with linear polarisation is produced. Circular polarisa-
tion of B1 is obtained by using a second cosine-theta coil rotated by 90◦ in azimuthal
direction and adding a 90◦ phase shift to the current (J(t) = J0 sin(ωt+ π/2)).

An similar oscillating or rotating B1 field can also be generated using a birdcage res-
onator, which was presented by Cecil E. Hayes et. al. in 1985 [HES85]. It consists of two
concentrically aligned end-rings, connected by an even number N (in τSPECT N = 8)
of evenly distributed straight segments, called ’rungs’. Birdcage resonators can be built
in the so-called ’low-pass’ and ’high-pass’ design [GLSP02, HES85, HBD12, FBM00]. In
a high-pass design, capacitances C are equally distributed over the end-rings, whereas in
low-pass design, they are located within the rungs. Fig. 3.17 shows the shape of a birdcage
resonator in low-pass design on the left (a) and the generated transversal magnetic field
from a FEM simulation using COMSOL Multiphysicsr on the right (c). A lumped element
model of the birdcage resonator is depicted in the middle (b). The nodes A and A∗, as
well as B and B∗, are connected and form the end-rings. They are joined by N repeated
rungs including the capacitances CR. The inductances L1 and L2 contain the self- and
mutual inductances of the end-rings and rungs. Following [HES85], this circuit consists
of N repeated loops, where each loop adds a phase shift ∆φ(ω) to the current, ω being
the frequency of the excitation signal. A resonance condition is only fulfilled with periodic
boundary conditions ∆φ(ω) = j2π with the resonance mode j an integer number. The

Figure 3.16: Schematic depiction of a cosine-theta coil (a) with a cut in xy-direction to
show the distribution of wires on the cylindrical surface (b). The direction of
the current J in the upper and lower half with respect to the drawing plane
is indicated, the red arrow shows the direction of the resulting B1 field. A
simulation of the B1 field (arbitrary units) using COMSOL Multiphysicsr

is depicted in c), the white arrows mark the direction of the local field.
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Figure 3.17: Birdcage resonator in low-pass design. a) The birdcage resonator, consist-
ing of two concentric end-rings connected by eight rungs, and a capacitor
located inside each rung. b) The corresponding lumped-element model with
A and A∗ as well as B and B∗ connected to form the end-rings. For better
visibility only four rungs are shown. c) The resulting transversal magnetic
field in the sinusoidal mode.

frequency spectrum has a total of N/2+1 resonances, so that 1 ≤ j ≤ N/2+1 [Lei97]. The
mode required for τSPECT is called the sinusoidal mode, which generates the sinusoidal
current distribution. It is the highest mode of the frequency spectrum in the high-pass
design (in τSPECT with N = 8, this would result in j = N/2 + 1 = 5) and the lowest
mode in low-pass design [HBD12] (j = 1).

A birdcage resonator can be excited either linearly or in quadrature. In linear excitation,
two sinusoidal signals are used, which are applied at positions 180◦ apart and of which one
is phase shifted by ∆ϕ = 180◦. The result is a linearly (π) polarised magnetic field.
In quadrature excitation, the two signals are applied at positions 90◦ apart and with a
relative phase shift of ∆ϕ = 90◦. The resulting magnetic field is circularly polarised and
the rotational direction (σ+ or σ−) depends on the sign of the phase shift. The advantage
of quadrature excitation over linear excitation is that the radio frequency (RF) power
requirements for a certain B1 amplitude is reduced by a factor of 2 [CHS83].

In the τSPECT prototype measurement, a first version of a birdcage resonator used as
spin flipper was successfully tested [Kar17]. It was built in high-pass design at linear RF
coupling and operated at 10.24 MHz in a magnetic field of B0 = 350.7 mT at Imain = 56.7 A.
However, due to geometry and magnetic field changes, this spin flipper could not be used
after the upgrade to purely magnetic storage of UCN.

3.3.2 The birdcage resonator for τSPECT

Typically, birdcage resonators are best suited for operating frequencies of several 10 MHz
[HES85, Lei97, HBD12], i.e. their resonance frequencies ranging from ∼ 10 MHz to ∼
100 MHz. The required spin flipper frequencies of fSF ' 10 MHz in τSPECT are thus
comparably low and only at the edge of the optimum operating range. With a birdcage
resonator in high-pass design and the sinusoidal excitation in the highest frequency mode,
this would mean that the entire frequency spectrum would have to be shifted down, re-
sulting in an operation outside of the optimum range.

Therefore, a low-pass design was chosen for the new spin flipper, because with the
sinusoidal excitation here in the lowest mode, the birdcage resonator remains in its optimum
operating range and tuning to the required frequency is easier.
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3.3.2.1 Construction and tuning

The birdcage resonator was soldered from 2 mm thick copper stripes for optimum heat
distribution. Its dimensions are: Length l = 100 mm and inner diameter d = 64 mm. The
capacitors had to fulfill the following parameters:

1. They required low dielectric losses to tolerate RF (this is quantified by the dissipation
factor DF ),

2. they must withstand high voltages, and

3. their capacitance should not change upon cool down (300 K → 200 K), because the
tuning of the resonance was done at room temperature but the operational temper-
ature in τSPECT was T ' 200 K.

The MC series by Cornell Dubilier10 with dielectric C0G(NP0)11 fulfilled these require-
ments and were thus used: They have high quality factors of Q > 2000, resulting in low
dissipation factors DF = 1/Q < 5× 10−4, and withstand voltages of U ≥ 500 V.

The assembled spin flipper is shown in Fig. 3.18 (left). In total, a capacitance of
CR = 2.83 nF was inserted in each rung. The RF coupling was done capacitively using the
tuning capacitors CT . A PT1000 sensor was attached to the copper surface for temperature
surveillance. A pick-up coil was added for operational checks after installation in τSPECT.
The right side of the figure shows the resulting resonance at fSF = 10.26 MHz. It was

10The datasheet can be found here: https://www.cde.com/resources/catalogs/MC.pdf
11C0G is the letter code of the Electronic Industries Alliance (EIA, ceased operations in Feb. 2011),

NP0 is the name of the ceramic material. It is specified with a capacitance drift of 0± 30 ppm/K.
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Figure 3.18: Finished birdcage resonator and resonance frequency after optimisation.
Left: The birdcage resonator with capacitors CR within the rungs and ca-
pacitors CT for RF tuning. The PT1000 sensor and the pick-up coil are used
for temperature and operational checks after installation in τSPECT. Right:
The resonance after optimisation. The resonance parameters are found to
be RL = −35 dB (the return loss is shown in red) and SWR = 1.04 : 1
(green dashed line) at a resonance frequency fSF = 10.26 MHz.

https://www.cde.com/resources/catalogs/MC.pdf
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Figure 3.19: Signal scheme of the birdcage resonator. The RF signal is produced by
a frequency generator and amplified afterwards. The signal splitting and
impedance matching is done by the ’Matching Box’. The split signals are
then coupled capacitively into the birdcage resonator with one of the signals
phase shifted by ∆ϕ = 90◦.

measured using a vector network analyser12. The depth of the resonance is a crucial
aspect when irradiating RF power into an electrical circuit: One parameter to use as a
quantification is the return loss (RL), which gives the ratio of the reflected power at a load
with respect to the irradiated power on a logarithmic scale. Values below RL = −30 dB
refer to a reflected power fraction below 10−3 which we take as target upper limit. A second
parameter is the standing wave ratio (SWR). It is a measure of impedance matching
of loads to the characteristic impedance of a transmission line, the optimum would be
SWR = 1 : 1. The resonance of the birdcage resonator was tuned using CR and CT ,
resulting in RL = −35 dB and SWR = 1.04 : 1.

Finally, to complete the circuit, the connection between a frequency generator13, a
power amplifier14 and the birdcage resonator was realised as shown in Fig. 3.19. A single
RF signal was generated and amplified, and afterwards split into two lines inside the
so-called ’Matching Box’. This box has the main purpose to match the circuit to the
Z = 50 Ω impedance of the amplifier. In a not fully matched circuit, the imaginary part
of the complex impedance Z = R + iX, the reactance X, leads to the power reflections
mentioned in the context of the return loss. It thus decreases the power stored inside the
load (i.e. the spin flipper) and could in the worst case damage the power amplifier. Behind
the matching box, one of the split signals is phase shifted by ∆ϕ = 90◦ for quadrature
excitation of the birdcage resonator. In the required frequency range, the wavelength is on
the order of several meters, so that an easy way to achieve the phase shift is to insert a long
cable to increase the travelling distance of the wave. The necessary length is calculated
using

l =
λc
4

=
c0

4fSF
√
εR

= 5.1 m (3.8)

with λc the signal wavelength inside the cable, c0 the speed of light in vacuum, fSF the
frequency and εR the dielectric constant of the cable. The division by 4 leads to the desired
90◦ shift. Experimentally, a phase shift of ∆ϕ = 90.25◦ was realised (cf. Ch. A.3.1) with
the amplitude in the shifted signal reduced by ∼ 3.6 %. With these results, a slightly
elliptically polarised B1 field is to be expected inside the spin flipper.

12mini Radio Solutions miniVNA Tiny
13Rigol DG1032Z
14Dressler LPPA 13010 linear power amplifier

http://miniradiosolutions.com/54-2/
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3.3.2.2 Cool down behaviour

In order for the B0 field coils to become superconducting, they have to be cooled to below
9.2 K (cf. Ch. 3.1.1). Consequently, as the cryostat in which τSPECT is located is a cold
bore cryostat, also the temperature of the birdcage resonator and thus all of its components
is reduced. Even though the capacitors of the birdcage resonator were chosen for their low
temperature coefficient, the resonance frequency may drift due to spatial contraction of the
birdcage resonator or changes in the resistance. Therefore, the impact on the frequency
tuning was investigated in advance.

The spin flipper was mounted inside the compensation octupole, and the assembly was
placed in a glass bowl filled with small glass spheres, which was hung into a Dewar with
liquid nitrogen. The glass spheres were used to slow down the cooling process and to
prevent the system from breaking of a cold shock. The resonance was measured every
5− 15 min using the network analyser. The temperature was logged before and after each
resonance measurement using the PT1000 sensor at the birdcage resonator. Fig. 3.20 shows
the resonance frequency depending on the mean temperature at that time. The frequency
error is a conservatively estimated reading error of ∆f = 5 kHz and the temperature error
is ∆T/2 of each measurement pair, which is in the plot smaller than the point size.

Starting with room temperature and the resonance frequency f = 10.260(5) MHz, the
resonance is shifted upwards as the temperature drops. A linear fit on the cool down data
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Figure 3.20: Cool down behaviour of the birdcage resonator. The resonance frequency
and the temperature are measured every 5− 15 min while the spin flipper,
mounted inside the compensation octupole, is cooled down with liquid ni-
trogen (blue filled squares) and during the subsequent warm-up (red empty
squares). The frequency error is estimated conservatively as 5 kHz, the tem-
perature error is smaller than the point size. The line represents a linear fit
to the data between room temperature and T = 218 K.
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results in
f(T ) = −aT + b (3.9)

with T the temperature in K, and the fit parameters a = 5.41(12) × 10−4 MHz/K and
b = 10.42(0) MHz (χ2/ndf = 0.06). To avoid the spread at low temperatures, only data
down to 218 K was included in the fit. If the spin flipper temperature in τSPECT dropped
to an estimated value of T = 200 K, the resonance was shifted to 10.312(2) MHz. This
shift had to be taken into account in the choice of the spin flip position, which in case
may have had to be corrected to smaller values where B0 is higher. During warm-up, spin
flipper and compensation octupole were taken out of the Dewar. The deviation in the data
from the cool down phase might be caused by a different temperature distribution in the
birdcage resonator. The final measurements at room temperature, however, show, that the
resonance shift is reversible and purely temperature dependent.

3.3.3 The magnetic field of the birdcage resonator

A pick-up coil was used for the measurement of the magnetic field B1 of the birdcage res-
onator: A time-varying magnetic field induces a voltage in this coil, which, after calibration
with a well-known field, can in turn be used to deduce the B1 field amplitude.

The calibration of such a pick-up coil is discussed in Ch. A.3.2. The coil was afterwards
attached horizontally to a PEEK rod, in order to measure the transversal B1 field. The
measurement setup is shown in Fig. 3.21. The spin flipper was mounted inside the compen-
sation octupole and connected to the signal generation electronics according to Fig. 3.19.
The voltage induced in the pick-up coil was monitored using an oscilloscope. Before the
field measurement, the quadrature excitation for the generation of circular field polari-
sation was confirmed by rotating the pick-up coil around the vertical axis. The induced
voltage did not drop to zero at any time, which would be the case in a linearly polarised
field with the pick-up coil axis oriented perpendicularly to the B1 field. However, a volt-
age reduction was visible at 90◦ relative to the field maximum, indicating an elliptically
polarised B1 field.

Figure 3.21: CAD rendering of the magnetic field measurement setup of the birdcage
resonator. The B1 field (circularly polarised) rotates in the x − y plane.
The pick-up coil (see inset) can be rotated around the vertical axis.
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Figure 3.22: Magnetic field inside the birdcage resonator measured with the calibrated
pick-up coil. Left: Results from a scan along the central axis (r = 0 mm,
ϕ = 0◦), the z-axis is relative to the upper edge (z = 0 mm) of the birdcage
resonator. The hollow points are measured on the way back to the starting
point. The shaded area corresponds to the region covered by the birdcage
resonator, its centre (z = 50 mm) is marked by the black dashed line. Right:
Field on a horizontal plane through the centre of the birdcage resonator.

The measurement of the B1 field was done in steps of ∆z = 10 mm from the top of
the birdcage resonator to the bottom on the measurement radii r = {0, 7, 19}mm and at
angles ∆ϑ = 45◦ apart. Therefore, the PEEK rod was plugged into the different holes
in the radius adjustment plate (cf. Fig. 3.21, left). An RF input power of P = 140 W
was used for all measurements. At every height, the pick-up coil was aligned first in order
to measure the maximum induced voltage, the B1 field amplitude was then calculated
from the calibration in Eq. A.8. The scan along the central axis of the birdcage resonator
(r = 0 mm, ∆ϑ = 0◦) is shown in Fig. 3.22 (left), the filled points are measured from
top to bottom, the empty points back upwards. The relatively large error bars result
from the conversion of the measured voltage to the B1 field, which were calculated using
Gaussian error propagation. The measurement starts only at z = 30 mm with respect to
the birdcage upper edge, because at positions further upwards the radius adjustment plate
impeded the cable connected to the pick-up coil. A related problem might be the reason
for the comparably larger B1 amplitude between z = 30 and 50 mm: The cable was taped
to the PEEK rod directly above the pick-up coil for tension release of the solder points but
could not be fixed elsewhere due to constraints in the measurement setup. At measurement
positions close to the upper edge of the birdcage resonator, the weight and stiffness of the
cable (an FEP coated RG 178 coaxial cable was used) might thus have slightly bent the
relatively flexible PEEK rod, so that the measurement position was shifted away from the
central axis, where the B1 field was higher. In total, a field amplitude of B1 & 0.5 mT is
reached over a wide range up to ∆z = 30 mm from the birdcage centre.

The right side of Fig. 3.22 shows a field map on a horizontal cut plane through the
centre of the birdcage resonator. Due to the finite size of the pick-up coil, the measured
B1 field is an average over the cross-sectional area in x − y direction, which using the
coil diameter d ' 4.5 mm and length l ' 10 mm is calculated as A ' 45 mm2. The
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measurement positions are discernible by the darker and lighter spots, in between the field
was interpolated.

In conclusion, the measurement shows, that an elliptically polarised B1 field was gen-
erated with amplitudes > 0.4 mT on the central axis (the ellipticity itself was, however,
not measured directly). According to calculations described in detail in Ch. 4.1, this field
amplitude is sufficient for a spin flip efficiency of ε ≥ 95 %.

3.3.4 First experiences with the birdcage resonator and magnetic stor-
age of UCN

The spin flipper was tested with UCN for the first time in beamtime June2019. However,
this test was unsuccessful as no neutrons could be stored in τSPECT. A possible explana-
tion could be a wrong polarisation of the B1 field (cf. Ch. 4.1.1.1) but the beamtime ended
before the polarisation could be changed (this would have been attempted by switching
the connections of the shifted and the unshifted excitation signal of the spin flipper, cf.
Chs. 3.3.2.1 and A.3.1).

After the beamtime, functionality tests were done during which the birdcage resonator
assembly was damaged, possibly due to overheating. The assembly was then removed from
the τSPECT cryostat for repairs. The birdcage resonator was re-soldered and all capaci-
tors were replaced. The resonance frequency was then found to be fSF = 10.266 MHz. It
was shown in Ch. 3.3.2.2, that the spin flipper resonance frequency is shifted upwards with
decreasing temperatures. After cool down, the temperature at the spin flipper was mea-
sured as T ∼ 215(10) K, which according to Eq. 3.9 results in fSF, theo. = 10.304(6) MHz,
the measured resonance frequency was found at fSF, meas. = 10.315(5) MHz. Here, the
additional shift compared to the theoretical prediction might be caused by changes in the
capacitance due to vacuum conditions or the additional material surrounding the compen-
sation octupole.

Due to undiscovered reasons, with this birdcage resonator only a linearly polarised B1

field was realised. This could be caused by an additional phase shift by the circuit inside the
matching box, so that the overall phase shift between the two excitation signals resulted in
∆ϕ = 0◦ or 180◦. This is not optimal, because the approximation of the spin flip efficiency
εSF in Eq. 4.12 depends on the effective B1 amplitude with 1 − 1/(1 + ηB4

1) (with η a
proportionality factor of no further interest here). With a circularly polarised B1 field,
the full amplitude is effective for the spin flip, with linear polarisation, however, only a
reduced amplitude of B1/

√
2 is used (cf. Ch. 4.1.1.1 for a discussion about the B1 field

polarisation). To achieve the same spin flip efficiency as with a circularly polarised B1

field, a stronger B1 field - and thus higher RF power - is required.
The storage of UCN in the prototype measurement with τSPECT using a spin flipper

with a linearly polarised B1 field was already successfully tested [Kar17]. During this
measurement the spin flipper was positioned in a longitudinal gradient of only ∇zB =
0.05(2) mT/cm and the storage octupole was not installed yet, so that no transversal
magnetic field was present at that time.

The situation is different with the birdcage resonator presented here, however, in order
to calculate the gradients, the required spin flip position needs to be found first. From the
measured resonance frequency fSF = 10.315(5) MHz and the resonance condition 2πfSF =
ω0 follows, that the total magnetic field must be B = 353.8 mT, the field was calculated
using Eq. 3.1. The total field furthermore consists of the longitudinal B0 field and the
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compensated octupole field in transversal direction, which varies over the neutron guide
cross section. As a result, the total magnetic field is not fixed over the cross section as well,
resulting in a varying resonance frequency. The choice of a fixed value for the transversal
field is thus accompanied by the necessity to optimise the spin flip position around the
calculated position (cf. Ch. 3.6.3). As fixed value for the compensated octupole field the
measurement result Babs,mean = 25(4) mT at r = 25 mm (cf. Tab. 3.1) is used. With

B(zSF) =
√
B0(zSF)2 +B2

abs,mean (3.10)

the required spin flip position zSF is found where B0(zSF) satisfies this equation. This is
the case at zSF = 859 mm, whereby in this work zSF always refers to the centre of the
spin flipper. The longitudinal and transversal gradients at this position are calculated as
∇zB(r = 0 mm) = 21.7 mT/cm and ∇tB(r = 25 mm) = 2.1 mT/cm, so that compared
to the spin flipper used in the prototype measurement, a high spin flip efficiency using
similar B1 amplitudes cannot be assumed from the beginning. In terms of the parameter
k = ∇tB(r = 25 mm)/∇zB(r = 0 mm) ∼ 0.1 the magnetic field itself does at least not
violate the spin flip condition of Eq. 4.16.

From this discussion directly follows one of the major downsides of using a birdcage
resonator as spin flipper in τSPECT apart from its partly challenging construction: Once
it is mounted inside τSPECT, it cannot be tuned to a different resonance frequency and so
the filling position with respect to B0 is fixed. However, especially in an early stage of the
experiment when the filling position is not optimised yet, a variation of the filling position
is necessary if only for cross-checks. Using a cosine-theta coil as spin flipper, a frequency
tuning outside of the experimental setup is significantly more straightforward. Therefore,
the birdcage resonator was replaced by two saddle coils in approximation to cosine-theta
coils in a second iteration (cf. Ch. 5.1).

With the birdcage resonator installed in τSPECT for now, the first purely magnetic
storage measurements of UCN were done in beamtime Sept2019 and are shown at the end
of this chapter (cf. Ch. 3.6.2).

3.4 The neutron detector

The magnetic field configuration in τSPECT does not allow for an efficient extraction of
neutrons from the trap and guidance towards a detector afterwards. Therefore, in-situ
detection of UCN is necessary, which is challenging, because such a detector has to fulfil
several requirements: It has to be suitable for cryogenic temperatures, high vacuum, and
high magnetic fields of up to 2 T, it needs the ability to measure UCN efficiently also at
low temperatures, and finally, it must be movable. The construction and characterisation
of such a custom UCN detector is the work of J. Kahlenberg and is discussed in detail
in [Kah20], so that here only aspects relevant for this work are summarised.

The detection principle is shown schematically in Fig. 3.23 (left). The essential part is
a silver-doped zinc sulphide scintillator (ZnS:Ag, thickness 22.6µm) with an 80 nm thick
layer of 10B coating on the surface (the dimensions are not to scale). If a UCN impinges
on this layer, it is absorbed in a 10B(n, α)7Li reaction. The two charged particles α
and 7Li are emitted in opposite directions. One of them enters the scintillator, where in
turn scintillation light is produced. A cone shaped light guide made from Polymethyl-
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methacrylate (PMMA) guides this light towards a multi pixel photon counter (MPPC)15.
The MPPC detects the photons and generates an analog signal, which is amplified by
a signal shaper transferred to the outside of the cryostat, and digitised with a sampling
rate of 10 MHz by an analog-to-digital converter (ADC). The data is then sent to PC
via Ethernet, where it is written to file during a measurement run. Afterwards, an event
detection algorithm analyses and extracts neutron events from the raw data. The algorithm
is part of this work, its working principle and the optimisation is described in Ch. A.4.1.
It offers an analysis independent of detector baseline drifts or slow noise, such as 50 Hz
noise, which was a problem in early measurements with τSPECT but is solved now.

A picture of the assembled detector16 is shown on the right side of Fig. 3.23. Here, the
light cone is additionally covered with a thin metallised Mylarr foil to improve the light
transport towards the MPPC. The movement of the detector in and out of the storage
volume is realised by the detector side translation stage. In order to increase the mobility,
spring-mounted rolls made from PEEK are attached on four sides of the cone. The analog
signal of the MPPC is guided out of the cryostat by a vacuum feedthrough. Similar to the
spin flipping unit, the longitudinal component of the magnetic field is measured using a
1-axis Hall probe17, which is mounted on the stabilising ring between the rolls at a distance
∆z = 76 mm from the 10B surface. An additional stainless steel cylinder (not shown here)
is used to protect and stabilise the detector setup to the sides.

Comparison measurements with respect to a CASCADE-U detector18 (’gold standard’)

15Hamamatsu S13361-6050AE-04, 16 channels in a 4x4 array.
16The picture was taken by J. Kahlenberg.
17Arepoc HHP-NP, http://www.arepoc.sk
18UCN detector by cdt CASCADE Detector Technologies GmbH, https://n-cdt.com/

Figure 3.23: Detection principle (left) and setup of a custom UCN detector (right). UCN
are captured by a 10B layer, which is coated on a ZnS:Ag scintillator. One
of the charged reaction products (α/7Li) produces scintillation light inside
the scintillator. This light is transported towards an MPPC by a cone made
from PMMA, which is covered with metallised Mylarr foil on the outside.
Spring-mounted rolls centre the detector and increase its mobility while
moving on the storage octupole surface. A Hall probe is used to measure
the longitudinal magnetic field. A stainless steel cylinder (not shown) is
mounted around the detector for protection and stabilisation to the sides.
The detector is the work of J. Kahlenberg [Kah20].

http://www.arepoc.sk
https://n-cdt.com/
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yielded a comparable detection efficiency: UCN were stored in an aluminum storage bottle
(VF = 54 neV, V = 9.67(2) L [Kah20]) for a storage time ts = 20 s and counted afterwards.
The UCN density measured with the CASCADE detector resulted in %̄UCN, CASCADE =
0.69(2) cm−3 and the density measured with the newly built custom UCN detector in
%̄UCN, det = 0.73(4) cm−3 [Kah20]. Thus, the detection efficiency of the custom UCN
detector compared with the CASCADE detector is

εUCN, det
εUCN, CASCADE

=
%UCN, det

%UCN, CASCADE
= 1.06(7), (3.11)

i.e. comparable within the error bars for the given UCN spectrum in this setup.
The MPPC of the custom UCN detector requires a reverse bias voltage, which has to

be adjusted before measuring. With the MPPC consisting of a multitude of photodiodes
operating in Geiger mode, the bias voltage Vbias needs to be larger than the so-called
breakdown voltage Vbd [GH20]. It depends on the MPPC temperature, and so an addi-
tional PT1000 sensor on the MPPC PCB is used to adapt the bias voltage according to
a theoretical model. The settings are such, that the minimum voltage corresponds to the
nominal Vbd and the additional voltage, the overvoltage Vover, is adjusted manually. Ideally
the breakdown voltage would be measured for every MPPC in the 4x4 array, and the bias
voltage adapted individually as well. Unfortunately, this is not permitted in the current
electronic design, so that an average breakdown voltage had to be inferred from data. The
bias voltage is then given by

Vbias = Vbd + Vover. (3.12)

The overvoltage was optimised in τSPECT using ts = 50 s storage measurements (cf.
Ch. A.4.2). A suitable voltage range was found between Vover = +3.0 and +4.5 V. At
smaller values, the detection efficiency is reduced, whereas the detector noise increases
with higher voltages. If not mentioned otherwise, all measurements in this work were done
at Vover = +3.5 V.

3.5 Slow control of the experiment

The sequence of every measurement run is controlled electronically in order to ensure exact
timing of all involved components as well as reproducibility between individual measure-
ments. This sequencing is done by the so-called ’Delay Box’: It is triggered by the TRIGA
reactor pulse electronics shortly before UCN production starts. It features 24 outputs with
either +5 V TTL logic or +24 V, which are switched on and off at adjustable times with
respect to the trigger signal. In order to use these signals, however, all components in-
volved in the experiment require the ability to either be triggered and perform predefined
actions, or that they remain active as long as the output signal of the Delay Box is high.
The main components to which this applies are listed in the following.

• Data recording: The ADC samples the detector’s MPPC data with 14 bit at
10 Msps. This corresponds to roughly 20 MB/s, which would result in large files,
if data recording was active also between measurements. Therefore, a TTL signal
of the Delay Box is read by a GPIO bridge19, which starts data recording at the
beginning of the measurement and stops it afterwards.

19The implementation of the bridge and the readout was done by Prof. D. Ries.
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• UCN shutter: The shutter at the beamline entrance is moved by pressurised air.
Its status being open or closed is controlled by a TTL signal, which switches the
valve of the pressurised air. In order to prevent accidental opening of the shutter
when the cryostat is evacuated but no beamline is attached, an interlock system was
developed, which allows the shutter to open only, if the beamline pressure is below a
certain threshold20 (cf. Ch. A.7.2).

• RF amplifier: Efficient filling of UCN in τSPECT depends on optimal start and stop
times of the spin flipping B1 field. The amplifier used with the birdcage resonator has
a so-called blanking input, a TTL gate, which activates the output of the amplifier
for the duration of a high TTL signal. The output power scales with the voltage
amplitude of the frequency generator signal.

• The translation stages: Both the spin flipping unit and detector are moved by
their translation stages, which are connected to stepper motors by gear chains. The
controllers of the stepper motors offer the possibility to store predefined movement
profiles, which are selected and triggered by TTL signals. Within these sets, driving
velocities and positions are defined, which are the filling and storage position of
the SFU, as well as the storage, cleaning, and counting positions of the detector.
Encoders at both stepper motors are used for closed-loop surveillance, so that no
motor steps are lost and position reproducibility is increased. With a dedicated
readout and control program (cf. Ch. A.7.1), the status and current positions are
monitored, and positions and velocities can be altered between measurements. Also,
manual control of the stepper motors is possible remotely.

• Pulse trigger: The Delay Box is triggered to start a sequence if the reactor is ready
for a new pulse. However, before the pulse, data recording has to be started and the
shutter has to open. Therefore, the pulse trigger is delayed by 5 s, so that by then
τSPECT is ready for data taking.

All components (except for the detector bias voltage) can be configured remotely to allow
changing of parameters while the reactor is active, inhibiting access to the devices. The
sequence of one measurement run is shown in Fig. 3.24 and consists of the following steps:

1. As soon as the Delay Box is triggered, data recording begins and the shutter opens.

2. The pulse is triggered, which in the data is visible as a peak produced by thermal
neutrons (’thermal peak’). As the detector start time varies on the 100 ms scale
between measurements, this peak is used as time reference t0 in data analysis21.

3. The RF amplifier is switched on at tfill and remains on for the filling duration ∆tfill.
After it is switched off, the filling process is finished. The shutter closes and the SFU
is retracted from the storage volume.

20Currently the threshold is set to p = 8.6× 10−3 mbar.
21Between the time the Delay Box is triggered by the reactor electronics and the actual execution of the

pulse a jitter of several milliseconds can occur, e.g. due to signal delays by long cables or the shoot-out of
the pulse rod in the reactor (cf. Ch. A.1). The timing of all hardware components is relative to the Delay
Box trigger, whereas the timing of all data analysis is referenced to the thermal peak. As this can cause
inaccuracies in the experimental sequence, a dedicated detector is currently under construction, which
detects the thermal peak and triggers the hardware accordingly.
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Figure 3.24: Schematics of TTL pulses and gates for individual components in τSPECT.
The TTL signals are provided by the Delay Box. The red line corresponds
to the trigger of the pulse.

4. If spectrum cleaning is included in the measurement, the detector moves to the
cleaning position at tclean and remains there for the cleaning duration ∆tclean. When
it is retracted back to its storage position, the storage time ts begins.

5. Afterwards, the detector is moved to the counting position and measures the surviving
neutrons. It remains at the counting position for around 150 s to allow for background
measurements.

6. Finally, the experiment is reset for a new run: The detector drives back to the storage
position and data recording stops. For so far unknown reasons, the movement of the
SFU back to the filling position creates large noise peaks in the ADC data, so that
this step was pushed to the very end of the sequence.

3.6 First operation of τSPECT after commissioning

The components relevant for magnetic storage were installed in 2018/2019. A picture of
the experiment from the side is shown in Fig. 3.25. The cryostat is housed inside the
iron yoke to minimise stray fields. The yoke in turn is located on four truck lifts, so that
the height of the experiment can be adjusted. The height is measured by a time-of-flight
distance sensor22 permanently located at the lower edge of the yoke, which is controlled
by a Teensy 3.2 microcontroller board. At maximum, a height of 2 m above the UCN
source exit of the TRIGA reactor, indicated at the bottom left, is possible. The beamline
connects the source exit to the UCN shutter. Characterisations and optimisations of the
beamline are discussed in [Kah20], the beamlines used in this work are briefly presented
in Ch. A.6. In the following, beamline No. 1 (also shown in the picture here) is used.

With a total of four turbo molecular pumps (TMPs), τSPECT is evacuated to ∼ 1.3×
10−7 mbar. Inside the beamline, a pressure of ∼ 10−4 mbar is achieved, which is sufficient
for the interlock system (cf. Ch. A.7.2) to allow opening the UCN shutter. Two cold heads
at the top of the cryostat cool the superconducting coils down to T ≤ 10 K. Details on the
pumping concept, as well as the pumping and cool down behaviour of τSPECT are found
in [Kah20].

22Adafruit VL53L0X

https://learn.adafruit.com/adafruit-vl53l0x-micro-lidar-distance-sensor-breakout
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Figure 3.25: Experimental setup of the τSPECT experiment as seen from the side.

3.6.1 Position calibration of the translation stages

The positions with respect to the z-axis in τSPECT (cf. Fig. 3.3, here referred to as
’τSPECT coordinates’) are known theoretically taking a computer-aided design (CAD)
model of the translation stages. Due to mechanical offsets in the construction of the
translation stages which are not included or accounted for in this model, deviations in the
real position are unavoidable. Furthermore, the only relevant parameter is the position
of the spin flipping unit and the detector with respect to the magnetic field and not
the position relative to mechanical components. Therefore, the two Hall probes at SFU
and detector were used to measure the B0 field23 [Fra19] and from comparisons with the
simulated field, the available positioning range was deduced. This range is limited by two
electrical end stops. The outer end stop is the so-called ’zero-position’, to which all further
positions are related to (cf. Ch. A.7.1).

The calibration procedure for the SFU and detector translation stage was identical:
From the zero-position onwards, magnetic field measurements were done in steps of ∆z =
10 mm, on the detector side until the inner end stop was reached and on the SFU side
around 2/3 of the total driving range. Because of its notably peaked shape, the B0 field
gradient was used for the calibration instead of the absolute B0 field, and the measurement
relative to the zero-position was shifted until it overlapped with the simulation.

The result is shown in Fig. 3.26, on the left for the SFU and on the right for the detector.
The markers depict the calculated gradient from the measurement with the Hall probes.
However, so far the calibration refers to the positions of the Hall probes and not the centre
of the SFU and the detector surface themselves, so that an additional longitudinal offset has
to be included in the calibration (∆zSFU = −61.4 mm and ∆zdet = 76 mm). The accessible
range is thus given by the grey area, which for the SFU ranges from zSFU = 397 mm to
1200 mm, and for the detector from zdet = 1599 mm to 1932 mm. The spikes in the
measurement data are caused by the storage octupole fringe field. The position of these

23The readout and the required electronics for the Hall probes were implemented by K. Franz.



Chapter 3. The lifetime experiment τSPECT 53

spikes match the theoretical position of the storage octupole according to the CAD model
(on the SFU side z = 570 mm and on the detector side z = 1950 mm) and thus confirm
the calibration of the translation stages. In this work, all positions are hereafter given in
calibrated τSPECT coordinates.
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Figure 3.26: Calibration of the translation stage positions of the SFU (left) and the
detector (right). The light blue lines refer to B0 at Imain= 33 A (left axis),
the black dashed lines are its gradient (right axis). From the magnetic field
measurement with the 1-axis Hall probes, the gradient is calculated and the
measurement position shifted until measurement and simulation overlap.
The grey areas show the accessible range of SFU and detector, the offset
at the outer positions arise from the positional offset of the Hall probes.
The green lines mark the two edges of the storage octupole according to the
CAD model. The spikes in the measurement at these positions confirm the
calibration result.

3.6.2 The arrival spectrum

During storage measurements with τSPECT, the arrival spectrum of neutrons in the de-
tector follows a specific pattern, which is shown exemplary for a 50 s storage run including
cleaning in Fig. 3.27. The thermal peak is not visible here because of the 1 s-binning and
the large time range. Neutrons which are unstorable fly through the experiment and reach
the detector immediately. This corresponds to the first high peak in the data. The spin
flipper is switched on tfill = 2 s after the reactor pulse trigger and remains on for ∆tfill = 4 s.
Cleaning begins at tclean = 16 s, so that the peak of cleaned neutrons is separable from the
bunch of fast neutrons in the beginning (cf. Ch. 5.3.1 for the current status of the cleaning
time optimisation). After a cleaning duration of ∆tclean = 30 s, the storage time begins.
Subsequently, the surviving neutrons (this interval is also called the ’counting interval’)
and the background counts are measured.

The number of neutrons from the reactor varies between individual pulses, so that a
normalisation of the measured neutron counts is necessary in order to compare the results
afterwards. Three normalisation methods are presented and compared in Ch. 5.3.2. So
far the best results are achieved normalising to the average pulse energy Epulse of the
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Figure 3.27: Neutron arrival spectrum of a 50 s storage measurement with cleaning at
1 s binning. The first bunch of neutrons corresponds to neutrons which are
too fast to be stored and reach the detector immediately. The yellow area
marks the time during which the spin flipper RF is switched on. Marginally
trapped neutrons are removed from the trap during cleaning, they appear
in the detector as the peak marked in green. After the storage time, the
detector counts the remaining neutrons (red). The subsequent interval in
grey is used for background measurements.

particular beamtime via

N =
Ccount − Cbg

EPulse
Epulse (3.13)

with Ccount the neutrons measured in the counting interval, Cbg the background counts,
and Epulse the energy of the specific pulse. The error of each measurement is calculated
using statistical

√
N errors with Gaussian error propagation in the normalisation.

3.6.3 The first purely magnetic storage curve

The first storage curve using only magnetic fields for confining UCN in τSPECT was
measured in beamtime Sept2019. In order to achieve the maximum UCN density, the spin
flipper power, position and timing were optimised in advance.

Dependency on RF power Generally, the spin flip efficiency εSF rises with the ampli-
tude of B1 until a maximum of 100 % is reached (cf. Eq. 4.12 in Ch. 4.1). Before installing
the spin flipper in τSPECT, B1 was measured depending on the irradiated RF power,
which is shown on the left side of Fig. 3.28. The large error bars arise from the conversion
of the measured induction voltage in the pick-up coil to B1 (cf. Ch. 3.3.3). The line is a
fit to the data according to
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B1(P ) = a
√
P + b (3.14)

with a = 37.6(7) × 10−3 mT/
√

W and b = 4.5(3) × 10−2 mT (χ2 = 0.03), and used for
extrapolations to higher power (Ch. 5.1.1.2 derives the expected

√
P -behaviour of B1).

The right side of the figure shows the normalised number of stored neutrons after ts = 50 s
without cleaning depending on the RF power. It can be seen, that from P ∼ 270 W
onwards, the number of neutrons does not increase anymore within errors and a saturation
is reached. This is the case, if εSF is close to 100 % and even though B1 is increased further,
no additional neutrons are available in the storable energy range (cf. Ch. 4.2 for the energy
acceptance of the trap). However, in order not to damage the birdcage resonator or the
matching circuit with high powers and thus too high heat loads, the measurements for the
storage curve were done at P = 185(5) W, which according to Eq. 3.14 corresponds to
B1 = 0.56(1) mT. Here, a neutron saturation was reached to 79± 9 %.
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Figure 3.28: Left: Ex-situ measurement of the B1 amplitude with respect to the irra-
diated RF power using the calibrated pick-up coil (blue bullets) with a fit
according to Eq. 3.14 (green line). The yellow bands mark the parameters
used for the storage curve (P = 185(5) W with B1 = 0.56(1) mT). Right:
Number of stored neutrons after ts = 50 s (red squares). From P ∼ 270 W
onwards, a saturation is reached within errors. The green box marks the
power used for the storage curve.

Birdcage resonator position optimisation The optimum filling position for the given
resonance frequency fSF = 10.315 MHz was calculated as zSF = 859 mm earlier in this
section (cf. Ch. 3.6) using the simulation of the B0 field and the measurement results
of the compensated octupole field Bt (cf. Ch. 3.2.2.1). Thereby zSF always refers to the
centre of the spin flipper. However, the calculation requires a correct position calibration
of the translation stage and does not take into account, that Bt might vary when moving
the spin flipper (and thus the SFU) to a different longitudinal position.

Therefore, the filling position was optimised in τSPECT using neutron storage measure-
ments at ts = 50 s without the cleaning procedure. Keeping the RF frequency constant,
the filling position was varied around the calculated position and the number of stored
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neutrons compared afterwards. The detector overvoltage was set to Vover = +2.0 V and
the RF power to P = 109 W.

The result is shown in Fig. 3.29, the black empty circles are measured with the spin
flipper switched off, resulting in 36(11) neutrons on average. These may be marginally
trapped neutrons, which are independent of the filling process. With the spin flipper
active, N = 108± 13 neutrons were stored on average at filling positions between 839 and
879 mm. Here, the optimisation shows a plateau-shaped behaviour around the calculated
position at zSF = 859 mm. This can be explained by the length of the spin flipper: If the
spin flipper centre is located at an offset with respect to the calculated optimum filling
position, but due to its length the resonance condition 2πfSF = ω0 is still fulfilled inside
the spin flipper volume, neutrons can be filled into the trap anyway.

However, during the beamtime, the ADC raw data showed 50 Hz noise, which could at
that time not be filtered by the peak detection algorithm (cf. Ch. A.4.1 for a discussion
about the problem of noise in the detector data). Therefore, the optimum filling position
for the given frequency was then considered to be zSF = 879 mm, what - lying within the
plateau - was still in the optimum range.

RF timing optimisation After the reactor pulse, UCN travel through the beamline
towards the storage volume. At the typical height of τSPECT of h = 1.5 m above the
source exit and using beamline No. 1 (cf. Ch. A.6), the length of the beamline between
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Figure 3.29: Spin flipper position optimisation of beamtime Sept2019 using 50 s storage
measurements at Vover = +2.0 V and P = 109 W. The measurements with
spin flipper active (turquoise squares) show a plateau-like behaviour around
the calculated optimum position at zSF = 859 mm (yellow). The hollow
black circles correspond to measurements with the spin flipper switched off.
During the beamtime, the optimum position was considered to be zSF =
879 mm due to 50 Hz noise in the ADC data which distorted the analysis.
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the source and the spin flipper is estimated as lbeamline ' 5.4 m. Depending on their kinetic
energy (and thus their velocity) and their trajectory angles relative to the axis of the UCN
guide, the time it takes them to reach the spin flipper differs by several seconds. Therefore,
it is necessary to optimise the time during which the spin flipper irradiates the B1 field: As
soon as neutrons in the storable energy range arrive at the spin flipper, it must be active
already. Furthermore, leaving the RF switched on for too long causes on the one hand a
high heat load in the birdcage resonator and the matching circuit, but it can also flip the
already stored LFS back to HFS, if they enter the neutron guide again (back-diffusion) at
the position the copper shield of the SFU.

This makes a timing optimisation necessary, which was done in beamtime Nov2019 using
50 s storage measurements at zSF = 859 mm and P = 109 W. The left side of Fig. 3.30
shows a neutron arrival spectrum in the first seconds of the measurement with three time
windows relative to the thermal peak at t0, during which the spin flipper would be switched
on. The right side depicts the normalised average number of neutrons N in the counting
interval after ts = 50 s depending on the filling start time tfill. The optimum at tfill = 4 s
with ∆tfill = 1 s shows, that here most of the neutrons in the storable energy range arrive
at the spin flipper. This is confirmed, if the interval between t = 4 and 5 s is included in
longer filling durations, but filling starting earlier. From the plateau at later start times
follows, that the neutrons do not arrive in a single bunch, but rather continuously due to
different trajectory angles and thus different travelling durations inside the beamline. The
filling duration ∆tfill = 4 s was measured with higher statistics at ts = 200 s (cf. Fig. B.6)
and yields similar results in comparison with ∆tfill = 3 s.

In conclusion, we do not find a clear optimum timing combination for the spin flipper,
but rather an optimum range, which has to include the 4−5 s time interval. From the fact
that we do not see a decrease in N with rising ∆tfill follows, that the filling duration was
either not too long to spin flip a significant amount of the stored neutrons back to HFS,
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depending on tfill for different filling durations. Without a clear optimum,
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work.
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which during this time would have had to find their way back into the narrowed neutron
guide, or that an equilibrium between filling and emptying of the trap was reached. If
not mentioned otherwise, all measurements in this work were done with tfill = 2 s and
∆tfill = 4 s.

The first storage curve with τSPECT The storage curve was measured in beamtime
Sept2019 without cleaning and is shown in Fig. 3.31 with normalisation to the pulse energy.
The shape follows an expected double exponential decay according to

N(t) = a1 exp (−t/τ1) + a2 exp (−t/τ2) , (3.15)

with the first term accounting for marginally trapped neutrons (cf. Ch. 2.2.4). Fitting this
function to the measurement data yields the fit parameters given in Tab. 3.2. From these
parameters follows, that around 145(21) neutrons were fully storable in τSPECT. Given
this number, we estimate in the following, how many and which measurement runs are
required for a first result on the neutron lifetime with ∆τ . 1.0 s.

Table 3.2: The fit parameters of the storage curve measured in beamtime Sept2019 as
shown in Fig. 3.31. The fitting function is given by Eq. 3.15.

a1 τ1 a2 τ2 χ2/ndf

400.2(57.8) 29.6(6.4) s 145.0(21.0) 476.9(79.7) s 1.53
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Figure 3.31: First purely magnetic storage curve measured in beamtime Sept2019. The
neutron counts are normalised to the pulse energy. The double exponential
fit according to Eq. 3.15 results in the fit parameters listed in Tab. 3.2.
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3.6.4 Measurement time required for a first neutron lifetime result

The overall measurement duration T∆τ depends on the one hand on the number of stored
neutrons at ts = 0 s, N0, but on the other hand also on which storage times are used
for the storage curve. The simulation presented in the following attempts to give a rough
estimation on the order of magnitude of T∆τ until the uncertainty in the measured neutron
lifetime drops to below ∆τn = 1.0 s.

To start with, we assume N0 = 1500 simulated neutrons and τn = 880 s, and roughly
optimise, which and how many different storage times ts are required for a minimum T∆τ .
Therefore, we define measurement sequences consisting of a number of k different storage
times. Using N0 and τn, the number of neutrons N(ts) at each storage time is calculated
using single exponential decay and adding statistical fluctuations with σ =

√
N . The

sequence is repeated over and over, every time adding the results to the previous ones and
thus increasing the data set with every step. After every iteration, the current data set
is fitted with an exponential function. The quantity of interest is the required number of
repetitions n, until ∆τn is equal to 1.0 s or smaller.

However, n is not strictly representative for a minimum in T∆τ , because the latter
depends on k and the storage times themselves. Therefore, first the measurement time for
each sequence tseq is calculated and with that the overall measurement time T∆τ = ntseq.
Each measurement is assumed to take the storage time and 200 s additionally to account
for the filling, cleaning and counting procedure. Measurements with ts < 800 s are assigned
a fixed duration of 15 min, which is estimated as the required time interval between two
reactor pulses. Tab. 3.3 lists the results of the optimisation process. The optimum is found
for a sequence consisting of ts = [50, 100, 1000, 1500] s and results in a total measurement
duration of T∆τ = 974.3 h.

Using this sequence, we have a look at the dependency on the initial number of neutrons
N0. Fig. 3.32 shows the achieved uncertainty ∆τn with respect to T∆τ . However, as quoting
the measurement time in hours is impractical, T∆τ was converted to the number of three-

Table 3.3: Simulated sequence optimisation in the determination of τn. T∆τ is calculated
as ntseq with the optimum in bold print.

k Storage times ts Required n Time per sequence tseq Total time T∆τ

3 [50, 500, 1000] s 1720 50 min 1433.3 h
3 [50, 500, 1200] s 1380 54 min 1242.0 h
3 [50, 500, 1500] s 1210 59 min 1189.8 h
3 [100, 500, 1200] s 1480 54 min 1332.0 h

4 [50, 100, 800, 1500] s 860 76 min 1089.3 h
4 [50, 100, 900, 1000] s 1050 69 min 1207.5 h
4 [50, 100, 1000, 1500] s 740 79 min 974.3 h
4 [50, 100, 1200, 1500] s 720 83 min 996.0 h
4 [50, 200, 800, 1200] s 1280 69 min 1472.0 h

5 [50, 100, 500, 800, 1200] s 960 86 min 1376.0 h
5 [50, 200, 500, 800, 1200] s 1070 86 min 1533.7 h
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weeks double-shift beamtimes at the TRIGA reactor24. This calculation corresponds to
the ideal case and does not take any downtime or delays by the reactor or the experiment
into account, which would prevent a fully efficient use of the beamtime. Furthermore,
additional storage times (especially longer ones with ts ∼ 2000 s) may be required to
investigate systematic effects. The results of the simulation can therefore be only a first
indication of the order of magnitude of T∆τ .

Nevertheless, from the fit results of the storage curve measured in beamtime Sept2020
(N0 = a2 = 145(21) neutrons, cf. Tab. 3.2), it becomes obvious already at this stage, that
with a maximum of four beamtimes available per year, even after three years ∆τn = 1.0 s
(black horizontal line) is unachievable. The primary goal for τSPECT, after having shown
that magnetic storage is successfully possible, is therefore to increase the UCN density in
the trap.

24A three-weeks double-shift beamtime consists of 9 full days à 16 hours and 4 half days à 8 hours
measurement time, resulting in 176 h. The number of required beamtimes was calculated from T∆τ/176 h.
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3.7 Summary

This chapter introduced the storage and measurement principle of the τSPECT experi-
ment and discussed the development of relevant components required for the filling pro-
cess. Purely magnetic storage was successfully demonstrated and after the parameter
optimisation of the spin flipper, a first storage curve was presented. The number of per-
manently stored neutrons was deduced from the fit parameters to this storage curve as
N = 145(21). After optimisation of the measurement sequence, however, so far more than
three years of measurement time are required to achieve the intermediate target uncer-
tainty of ∆τn ≤ 1.0 s . Therefore, in the following chapters we will have a closer look at
the filling process in theory and how optimisations are realised in τSPECT.
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Chapter 4

The theory of spin flip loading in
τSPECT

The neutron density achievable inside the τSPECT storage volume depends on various
factors, such as the neutron spectrum exiting the UCN source of the reactor and UCN
transport through the beamline towards the experiment. However, without the filling
process, which spin flips the high-field seeking neutrons into low-field seekers, none of the
arriving neutrons would be permanently storable in the magnetic trap. This chapter gives
a short theoretical introduction into the adiabatic fast passage spin flipper (cf. Ch. 4.1) and
shows that the filling process itself depends on multiple parameters, such as the magnetic
field polarisation of the spin flipper (cf. Ch. 4.1.1.1), the presence of transversal gradients
(cf. Ch. 4.1.2), and the spin flip position with respect to the B0 field (cf. Ch. 4.2).

4.1 Spin flipping using adiabatic fast passage

The motion of a neutron spin ~S in a magnetic field ~B without relaxation1 is generally
described by (adapted from [Blo46])

d~S

dt
= γ

(
~S × ~B

)
(4.1)

from which the precession with the Larmor frequency ω0 = −γB arises. If the field
changes slowly enough, the orientation of the neutron spin is able to follow the magnetic
field direction adiabatically. This is the key element of the adiabatic fast passage spin
flipper, which goes back to V. Luschikov in 1970 [LT84] and which is applied in the UCN
filling process in τSPECT.

4.1.1 Adiabatic fast passage spin flipping in longitudinal fields

The magnetic field in τSPECT in the spin flipping region consists of a superposition of
static and dynamic fields. The static field is produced by the longitudinal ~B0(z) field,
which in this region is assumed to have a constant negative gradient, and the transversal

1In general, relaxation terms are included in the Bloch equations but are only applicable to spin ensem-
bles, in which the overall magnetisation is taken into account. This is not the case for individual particles,
such as UCN, where the spin ~S is conserved.

63
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Figure 4.1: The longitudinal magnetic field ~B0(z) (red line) with the inset showing a
zoomed-in view of the spin flipping region (yellow area) limited by the posi-
tions z1 and z2. In between, the ~B1(z) field rotates at a frequency ωSF. At the
resonance position zr (blue), the Larmor frequency is ω0 = γB0(z) = ωSF.

compensated octupole field ~Bt(r, ϕ, z). For simplicity, the transversal field is ignored for
now. The dynamic field ~B1(t), generated by the spin flipper, is rotating in the xy-plane
at a frequency ωSF. The spin flipping region is limited by the length of the spin flipper,
starting at z1 and ending at z2, as shown by the yellow shaded area in Fig. 4.1; outside
this region ~B1(t) = 0 is assumed, neglecting the declining fringe field. In the lab frame the
total magnetic field is written as

~B(z, t) = B0(z)ẑ +B1 [cos (ωSFt)x̂+ sin (ωSFt)ŷ] , (4.2)

with B1 circularly polarised. In order to simplify this equation, it is convenient to go to
a reference frame rotating at the spin flipper frequency ωSF. The ẑ′-axis of this frame
remains parallel to ẑ. In the co-rotating frame, ~B1(t) becomes static and is oriented along
one of the remaining axes, in this case x̂′.

With ~B0 depending strongly on z, this applies to the corresponding Larmor frequency
as well and we can write ω0 = ω0(B0(z)) = ω0(z). In the co-rotating frame, this frequency
is transformed into an apparent - or reduced - Larmor frequency [Kee02]

ωred(z) = ω0(z)− ωSF. (4.3)

The apparent magnetic field, also called the reduced field, then follows as ~B′red(z) =

(−ωred(z)/γ)ẑ′. The addition of ~B′1 results in the effective field ~B′e(z) given by

~B′e(z) = ~B′red(z) + ~B′1 =

[
B0(z) +

ωSF
γ

]
ẑ′ +B1x̂

′. (4.4)

A vector diagram of the effective field is shown in Fig. 4.2. The ~B0(z) field is reduced by
the magnetic field equivalent ωSF/γ of the reference frame rotation. The vector addition
of the reduced field ~B′red(z) and ~B′1 results in the effective magnetic field ~B′e(z). The angle
θ between ~Be(z) and the ẑ′-axis can be written as

tan (θ) =
B′1

B0(z) + ωSF
γ

=
ω1

-ωred(z)
. (4.5)
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Figure 4.2: The magnetic fields involved in the spin flipping process without transversal
fields (the lengths of the vectors are not to scale). By transformation to a
reference frame rotating at ωSF, the ~B0(z) field (grey), aligned with the z′-
axis, is reduced by a field equivalent of magnitude ωSF/γ (yellow). In this
frame, ~B′1(z) (blue) always points along the x′-axis. The superposition of
~B′1(z) and the reduced field ~B′red(z) (black) results in the effective field ~B′e(z)
(red). θ is defined as the angle between ~B′e(z) and the z′-axis.

We now consider a position zr inside the spin flipping region with z1 ≤ zr ≤ z2, at
which the Larmor frequency of the neutron equals the irradiated spin flipper frequency
according to

− γB0(zr) = ω0 = ωSF. (4.6)

This is the resonance position, marked by the blue lines in Fig. 4.1. Due to the negative
gradient of ~B0(z), at any z < zr, ω0(z) is larger than ωSF and therefore ωred(z) > 0.
Consequently, at z > zr, ωred(z) < 0 because ω0(z) < ωSF. This results in the denominator
of Eq. 4.5, and thus tan (θ), changing sign.

If θ changes slowly enough, the neutron spin follows ~B′e(z) while flying through the
resonance as shown in Fig. 4.3. Here, the vector sum of ~B′red(z) and ~B1(z) gives the
direction of ~B′e(z). From the simplified condition ~B′1 = 0 outside the spin flipping region,
and consequently ~B′e(z) ‖ ~B0(z), follows, that the neutron spin is (anti-)aligned with ~B0(z)
in front of as well as behind the spin flipper. This can only be realised if the neutron spin

Figure 4.3: Spin motion during the adiabatic fast passage spin flip. Initially, the spin
(green) of a HFS is aligned anti-parallel with ~B′e(z) (red). Inside the spin
flipping region between z1 and z2 (yellow shaded area) the ~B′1 field (blue)
points along x̂′ and tilts ~B′e(z) by an angle θ. On the left side of the resonance
at zr, the reduced field ~B′red(z) is positive, on the right side it becomes
negative, causing the orientation of ~B′e(z) to change sign. Thus, the neutron
spin, following ~B′e(z) adiabatically, exits the spin flipper as a LFS.
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is rotated by 180◦ in between.
The condition of θ, and thus the orientation of ~B′e(z), changing slowly enough is quan-

tified by the so-called adiabaticity parameter

α =

∣∣∣∣∣γ ~Be(z)θ̇(z)

∣∣∣∣∣� 1. (4.7)

In words, this means that if the effective Larmor frequency |γ ~B′e(z)| is (much) larger than
the change of the field orientation with time, θ̇(z), a spin flip is likely. Assuming a neutron
flying in z-direction at a velocity v and using

d

dt
~B0(z) =

∂ ~B0(z)

∂z

∂z

∂t
= ∇ ~B0(z)v, (4.8)

θ̇ as defined in [LT84] can be rewritten as

θ̇ =
|∇ ~B′e(z)|v · | ~B′1|
| ~B′e(z)|2

. (4.9)

On resonance at zr, ~B′red(z) = 0 and so | ~B′e(z)|2 = | ~B′1|2 in Eq. 4.9 is minimal, which
leads to a maximum field change θ̇. In combination with Eq. 4.7, α is minimal as well and
can then be simplified as

α =
γB′21
|∇ ~B0|v

. (4.10)

The spin flip efficiency ε can be estimated as a probability to follow the magnetic field
adiabatically. This efficiency is deduced in [Rob71] and written in [HBD12] as

ε = 1− 1

1 + α2
sin2

(√
1 + α2

2
π

)
︸ ︷︷ ︸

≤1

. (4.11)

In case of εSF . 1, the oscillating sin2 term can be omitted, so that after insertion of
the minimum α on resonance (Eq. 4.10) and further simplification, the spin flip efficiency
can be approximated as

εSF ≥ 1− (∇B0)2 v2

(∇B0)2 v2 + γ2B4
1

. (4.12)

This equation is, however, not valid for smaller εSF, in case of which a numerical solution
of the Bloch equation (cf. Eq. 4.1) is necessary. It can only be used to investigate the
fundamental dependencies with respect to v, ∇B0 and B1. From the denominator for
example follows directly, that a large spin flip efficiency with εSF . 1 is only achievable if

γ2B4
1 � (∇B0)2 v2, (4.13)

which is not trivial regarding the rather large gradients of O(∇B0) ∼ 10 mT/cm in
τSPECT2.

2In order to give an example, the required B1 amplitude for a neutron at v = 1 m/s and ∇B0 =
10 mT/cm is calculated as B1 � 0.7 mT.
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Apart from not being useful in calculations of εSF < 1, Eq. 4.12 does furthermore not
take into account the velocity distribution and flight trajectories of neutrons, as well as
external forces such as gravity and the Stern-Gerlach force. Therefore, in order to estimate
the spin flip efficiency in τSPECT, a Monte Carlo simulation of the spin flip process was
done, which is presented in Ch. 4.1.2.

4.1.1.1 Influence of the B1 field polarisation on the spin flip efficiency

The functionality of the adiabatic fast passage spin flipper relies on a resonance of the
irradiated B1 field frequency with the Larmor frequency ω0. This resonance, however,
does not only depend on the condition ωSF = ω0 but also on the polarisation of the B1

field.
We can understand the polarisation of a magnetic field as the superposition of two

counter-rotating fields B+ and B−. In this picture, σ+ polarisation is realised, if B− is
equal to zero, and vice versa for σ− polarisation. Fig. 4.4 illustrates the resulting overall
field polarisation depending on the ratio of B+ and B−. The upper row corresponds to
circular polarisation, where in this case the total B1 field equals B+. With an additional
B− component, elliptic polarisation is achieved as long as B+ 6= B−. Here, the ellipticity
and the net rotational direction of the field depend only on the result of B+−B−. Linear
(π) polarisation results from B+ = B−, as in this case the vertical vector components
cancel and only the horizontal components remain.

Figure 4.4: Schematic depiction of field polarisation. Every polarisation is understood as
two counter-rotating circularly polarised fields B+ (red) and B− (blue). If
one of those components is equal to zero, the resulting field is also circularly
polarised (top row). The black arrow shows the direction of the magnetic field
at different time steps. With B+ = B−, the vertical vector components of
B+ and B− cancel, and the magnetic field is linearly polarised (bottom row).
Any other combination of B+ and B− leads to elliptic polarisation (middle
row) with the rotation direction determined by the dominant polarisation
component.
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In the context of efficient UCN spin flipping, the polarisation of the B1 field is a crucial
parameter: We assume circular polarisation B1 = B+, here σ+, matching the direction of
the Larmor precession (cf. Eq. 4.2). The reference frame then rotates at +ωSF resulting
in the resonance ω0(zr) = ωSF and thus causing ωred(zr) to vanish (cf. Eqs. 4.3 and 4.6).
This is a necessary condition for adiabatic fast passage spin flipping. In addition, with
σ+ polarisation the whole B1 amplitude contributes to the spin flip efficiency εSF (cf.
Eq. 4.12).

As soon as we add a counter-rotating field B− by changing the field polarisation, but
keep the B1 amplitude constant, i.e. B1 =

√
(B+)2 + (B−)2, the co-rotating field com-

ponent B+, which causes the spin flip, is reduced, and thus also εSF is reduced. This is
because the counter-rotating field does not affect the spin flip: The corresponding reference
frame rotates at −ωSF (i.e. in opposite direction with respect to the Larmor precession),
and therefore the necessary resonance condition ωred(zr) = 0 is never fulfilled. Conse-
quently, in the extreme case with B1 consisting only of the counter-rotating field, no spin
flip is possible.

4.1.2 The spin flip efficiency in a Monte Carlo simulation

Coming back to the spin flip efficiency, we will now have a look at the Monte Carlo
simulation, which is used to estimate the dependencies of the filling process in τSPECT.

The magnetic fields implemented in this simulation are analytical approximations of
the τSPECT fields (cf. Ch. A.5.1), and both Stern-Gerlach and gravitational forces are
included. In order to reduce the calculation time, the simulation begins at z = 755 mm
rather than in front of the first magnetic field peak of B0 (this would correspond to z =
−1500 mm). In addition, the transversal magnetic field is replaced by an ideal hexapole
field (cf. Ch. 3.2.2.1), so that the field amplitude is easily scalable. This allows for a
variation of the transversal fields and gradients without altering the principle field shape.

Spin flipping depending on the field parameter k A set of 4000 neutrons was
defined with randomised start positions in the x− y plane within the neutron guide (r =√
x2 + y2 ≤ 25 mm), equally distributed velocities between 1 and 4 m/s, flight angles up

to θmax = 25◦ relative to the z-axis, and the spin ~S = −1~z corresponding to the high-
field seeking state. Those neutrons were simulated to fly through the spin flipper at a
given field configuration (consisting of B0 and a varying Bt as static fields, and B1(t)
as the dynamic field) during which the Bloch equation without spin relaxation [Blo46]
(cf. Eq. 4.1) was used to track the spin motion. Afterwards, the spin flip efficiency was
calculated by counting the number of spin flipped neutrons NLFS (~S = +1~z; corresponding
to low-field seekers) and dividing by the total number of simulated neutrons N (~S = −1~z),
resulting in

εSF(%) =
NLFS

N
· 100. (4.14)

The condition for a successful spin flip was a change of sign in the direction of the spin
after passage through the spin flipper. However, as the neutron spin was only analysed
at the end of the simulation, εSF inferred with this method corresponds to everything
that happened in between start and end point of the simulation, and therefore refers to
an integral spin flip efficiency over the total spin flipper volume. If we now vary the
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amplitude of the hexapole field to investigate its influence on the spin flip efficiency, the
entire field in the simulation region changes, which makes a comparison of the results
difficult. Furthermore, if we want to transfer the results from the simulation to τSPECT,
we need to find a quantity, which characterises the magnetic field in the spin flipping region.

Therefore, we define a field parameter k(zSF) as the ratio between the transversal gra-
dient of the total magnetic field at the neutron guide surface (within the narrowed tube
this is at r = 25 mm) and the longitudinal gradient at r = 0 mm, both evaluated at the
nominal position of the spin flipper, zSF. In short, this parameter reads

k(zSF) =
∇tB(r = 25 mm, z = zSF)

∇zB(r = 0 mm, z = zSF)
. (4.15)

In τSPECT, k(zSF) is calculated using the simulation of B0 and the results Babs,mean
and |∇tB|mean from the compensated field measurement (cf. Tab. 3.1), from which the
gradients of the total magnetic field B are deduced. The compensated field measurement,
however, was done at a rather low resolution with ∆r = 5 mm, ∆ϕ = 5.63◦ and ∆z = 5 mm,
so that in order to compare the field parameters of the Monte Carlo simulation with that
calculated from the measurement, Babs,mean and |∇tB|mean from the analytical hexapole
field were calculated using the same resolution.

The results from the simulation are shown in Fig. 4.5. Within each plot, the spin
flip position and the RF frequency were kept constant; in the simulation shown on the
left side zSF = 980 mm and fSF = 6.098 MHz, an on the right side zSF = 1020 mm and
fSF = 5.846 MHz. The position refers to the centre of the spin flipper, the frequencies
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Figure 4.5: Spin flip efficiency εSF depending on the field characterisation parameter
k(zSF) for different B1 amplitudes inferred from a Monte Carlo simulation.
The left side refers to the spin flip position zSF = 980 mm, the right side to
1020 mm. The vertical green line represents k(zSF) in τSPECT calculated
from the compensated field measurement data, the green shaded region cor-
responds to its uncertainty. From εSF dropping from k(zSF) ' 3 onwards at
all B1 amplitudes, the spin flip field condition in Eq. 4.16 is deduced.
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were calculated separately as described in Ch. 5.1.1.1, using Babs,mean (cf. Tab. 3.1) in the
determination of the absolute magnetic field B(zSF). In order to investigate the dependency
of the spin flip efficiency on the transversal field Bt, here expressed by k(zSF) (cf. Eq. 4.15),
the analytic hexapole field was scaled to different amplitudes such that the corresponding
field parameter results in values between roughly k(zSF) = 0 and 7. Finally, the simulation
was repeated for the three spin flipper field amplitudes, B1 = 0.5 mT, 0.1 mT and 0.05 mT.

From the simulation follows, that up to k(zSF) ' 3 the spin flip efficiency remains on
a constant level within errors at both spin flip positions, with the level depending only
on the amplitude of B1: At zSF = 1020 mm, all B1 amplitudes suffice for εSF ' 100 % at
low values of k(zSF), whereas at zSF = 980 mm the amplitude B1 = 0.05 mT results only
in around 50 % efficiency. This can be explained by the higher longitudinal field gradient
at zSF = 980 mm (here, ∇zB = 3.6 mT/cm compared to ∇zB = 1.0 mT/cm at zSF =
1020 mm), which causes the condition in Eq. 4.13, now written as γ2B4

1/(∇B0)2v2 � 1
not to be sufficiently fulfilled anymore3.

From k(zSF) ' 3 on, however, εSF decreases with rising k(zSF) regardless of the B1

amplitude. This causes a problem, as we see when calculating k(zSF) for the total magnetic
fields in τSPECT at both spin flip positions. The results k(980 mm) = (0.99 ± 0.53) and
k(1020 mm) = (3.56± 1.93) are shown in Fig. 4.5 by the green line and the green shaded
box; the errors are calculated from the uncertainty in the compensated field measurement
using Gaussian error propagation. With k(1020 mm) > 3 in τSPECT thus a reduced
efficiency of the filling process needs to be expected.

In order to explain this phenomenon, we compare the magnetic field maps of a small
k(zSF) and a large one at both spin flip positions, as shown in Fig. 4.6. The maps were
generated using a superposition of the analytical approximation of B0 (cf. Ch. A.5.1.1) and
the analytical hexapole field, which was scaled to result in the following field parameters:
The top row refers to zSF = 980 mm with k(980 mm) = 0.6 (left) and k(980 mm) = 5.9
(right), the bottom row refers to zSF = 1020 mm with k(1020 mm) = 0.4 (left) and
k(1020 mm) = 3.5 (right). The lines mark the edges of the spin flipper; the black curves
show the positions, where the resonance condition ω0 = 2πfSF is fulfilled with a tolerance
of ∆fSF = 3 kHz. As we see, this resonance band is significantly curved at larger k(zSF).
With the neutrons flying on random trajectories, it is possible for them to hit the reso-
nance condition multiple times (an exemplary trajectory is depicted in turquoise). We can
therefore distinguish three different possibilities for the neutron spin to evolve:

1. High B1 amplitudes result in high individual spin flip efficiencies each time the res-
onance condition is hit. With an uneven number of spin flips an initial HFS exits as
storable LFS.

2. With the same argumentation but an even number of spin flips, the neutron is not
storable, because it leaves the spin flipper as a HFS.

3. With smaller B1 amplitudes, the spin is not flipped entirely when hitting the reso-
nance, so that reduced efficiencies multiply. This might be the case also in the B1

fringe field outside the spin flipper.

3Giving an example for a neutron with v = 1 m/s and inserting B1 = 0.05 mT as well the respective
gradients, we find the relations γ2B4

1/(∇B0)2v2 ' 1.62 & 1 at zSF = 980 mm and γ2B4
1/(∇B0)2v2 '

20.98� 1 at zSF = 1020 mm.



Chapter 4. The theory of spin flip loading in τSPECT 71

In conclusion, the spin flip position has to be chosen in a way, so that εSF is not reduced
by the magnetic field configuration at that position. Going back to Fig. 4.5, we define the
limit such, that k(zSF), calculated with the average field and gradient of the compensated
field measurement, does (also within errors) not exceed k(zSF) = 3. In total, this results
in the spin flip field condition

k(zSF) + |∆k(zSF)| ≤ 3. (4.16)

In order to apply this condition to τSPECT, we take a look at the magnetic field
gradients, which depend on the longitudinal position. Fig. 4.7 shows B0 at Imain= 33 A on
the left axis, and the longitudinal and transversal gradients ∇zB(r = 0 mm) and ∇tB(r =
25 mm) on the right axis. The transversal gradient was calculated using the average fields
and gradients of the compensated field measurement (cf. Tab. 3.1). For comparability
reasons, both gradients are depicted as absolute values. As the transversal field is only
present within the range of the storage octupole (570 mm ≤ z ≤ 1950 mm), |∇tB(r =
25 mm)| = 0 mT/cm at z < 570 mm. The spin flip field condition of Eq. 4.16 is fulfilled

Figure 4.6: Resonance bands in the spin flipping region depending on the field parameter
k(zSF) at zSF = 980 mm (top row, left: k(zSF) = 0.6 and right: k(zSF) = 5.9)
and zSF = 1020 mm (bottom row, left: k(zSF) = 0.4 and right: k(zSF) = 3.5).
The fields are a superposition of the analytical approximation of B0 and
the scalable transversal hexapole field. The vertical dashed lines mark the
physical edges of the spin flipper, the black curves show the positions, where
the resonance ω0 = 2πfSF is fulfilled within ∆fSF = 3 kHz. A neutron flying
on arbitrary trajectories (turquoise lines) can be spin flipped more than once
depending on the curvature of the resonance band.
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within the shaded region, the maximum possible position at zSF,max = 1004 mm is marked
by the red line. Spin flip positions further inside the trap should be avoided, because here
εSF is expected to drop. The first storage curve, presented in Ch. 3.6.3, was measured
at zSF = 879 mm, which lies well within the allowed range, whereas the design position
at zτ = 1100 mm would not have been realisable without reducing the spin flip efficiency.
However, with the approach using the average transversal fields and gradients and k(zSF)
a rough estimation, the energetically most advantageous position which is not limited by
transversal gradients should be confirmed experimentally as well.
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Figure 4.7: Constraints on the spin flip position by the field gradients in τSPECT at
Imain= 33 A. The B0 field is shown in blue (left axis), the gradients (green)
are plotted on the right axis as absolute values for comparability reasons.
∇zB(z) is evaluated at r = 0 mm and ∇tB(z) at r = 25 mm using the
average compensated field components of Tab. 3.1. Outside of the storage
octupole (z < 570 mm, black solid line) |∇tB(r = 25 mm)| = 0 mT/cm.
The spin flip field condition deduced from the MC simulation (cf. Eq. 4.16)
is fulfilled up to zSF(max) = 1004 mm (yellow shaded region and red line).
The spin flip design position zSF(design) (black dashed line) lies outside this
region and should not be used.

Spin flipping depending on the B1 amplitude The Monte Carlo simulation was not
only helpful in calculating the spin flip efficiency depending on the transversal field, it
could also be used to estimate how εSF scales with the B1 amplitude. As mentioned in
Ch. 4.1.1, the analytic approximation of εSF in Eq. 4.12 can only be applied for εSF . 1
and additionally does not take any forces or flight trajectories into account. Therefore, the
simulation at zSF = 980 mm with the field parameter k = 1.0 was repeated with varying
B1 amplitudes. The spin flip efficiency was calculated as before, using Eq. 4.14. The result
is shown in Fig. 4.8. It shows, that between B1 ' 0.045 mT and 0.060 mT εSF increases
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Figure 4.8: Spin flip efficiency εSF depending on the B1 amplitude as inferred from the
Monte Carlo simulation at zSF = 980 mm. The transversal hexapole field
was scaled to yield a field parameter k = 1.0. The result is shown by the
blue markers, εSF was calculated using Eq. 4.14. In a range between B1 '
0.045 mT and 0.06 mT, a linear dependency is observed (light blue line). At
higher B1 amplitudes, εSF saturates at 100 %.

approximately linearly4 with B1 until it saturates at 100 % from B1 ' 0.07 mT onwards.

4.2 The energy acceptance of the UCN trap in τSPECT

We have seen, that the magnetic fields, both static and dynamic, have to fulfil certain
requirements in order to allow for efficient spin flipping of UCN. This is, however, only
one aspect of the filling process. In addition, the energy of incoming UCN has to be in
a range, which is storable in the magnetic trap after the spin flip. This range is limited
by the maximum kinetic energy a UCN may have when entering τSPECT, a quantitative
description of which is derived in the following.

4.2.1 Derivation of the maximum storable energy (without gravity)

We begin with a neutron in the high field seeking state at an initial kinetic energy Ekin,0
in front of the first magnetic field peak of B0. Here, B0(z) = 0 T and thus the magnetic
potential energy is Vmagn,0(z) = −|µn|B0(z) = 0 neV as well (cf. Eq. 2.5). We define this
potential as reference for later potential difference calculations. Furthermore, gravity is
included only in a second step and ignored for now.

4The line is a linear fit to the data in this range according to εSF = a·B1+b with a = 4523.4(129.3) %/mT
and b = −182.0(6.3) % (χ2/ndf = 1.07).
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Figure 4.9: Magnetic potential difference in τSPECT relative to Vmagn = 0 neV as seen
by a HFS (black dashed line) and a LFS (black solid line) at Imain= 33 A.
Conserving energy, the HFS (LFS) is accelerated (decelerated) in the increas-
ing magnetic field, and vice versa as the field drops. Due to the spin flip at
zSF, the potential energy difference with respect to Vmagn,0 = 0 neV changes
sign. The potential as seen from an initial HFS spin flipped to a LFS is
marked in yellow.

With the magnetic moment of the HFS aligned parallel with B0 (cf. Ch. 2.1.4 and
Fig. 3.3), the magnetic field appears as a potential well as is shown in Fig. 4.9. This means,
that the neutron - while flying along the z-axis - is first accelerated, and decelerated again
afterwards5. We consider the spin flipper to be located in the low field region behind
the first magnetic field peak. Here, the potential difference with respect to Vmagn,0(z) is
negative and given by ∆Vmagn,0(zSF) = −|µn|B0(zSF) (zSF is again the nominal position
of the spin flipper). This results in the neutron having been accelerated to a larger extend
than it was decelerated afterwards, leading to an additional kinetic energy at the spin flip
position of Ekin(zSF) = |µn|B0(zSF).

After the spin flip, the magnetic moment is aligned anti-parallel with B0, so that
∆Vmagn,0(zSF) = |µn|B0(zSF) becomes positive. The total energy of the neutron directly
after the spin flip can thus be summarised as

E(zSF) = Ekin,0 + Ekin(zSF) + ∆Vmagn,0(zSF)

= Ekin,0 + 2|µn|B0(zSF).
(4.17)

If this energy is smaller than the potential of the magnetic trap of Vpot = 47 neV, the
neutron is storable. Given a specific spin flip position - and thus a specific magnetic field
B0(zSF) - we can calculate a maximum allowed initial kinetic energy

5For simplicity, we assume cylindrical symmetry, so that effects from the transversal fields cancel.
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Emax
kin,0(zSF) = 47 neV − 2|µn|B0(zSF), (4.18)

which still results in a storable neutron after the spin flip. Taking for example the filling
position used for the first purely magnetic storage curve with the birdcage resonator (cf.
Ch. 3.6.3), zSF = 879 mm, we find B0(879 mm) = 306.7 mT, which inserted into Eq. 4.18
results in Emax

kin,0(879 mm) = 10.0 neV. From the incoming UCN spectrum, thus only those
neutrons can be stored, which have kinetic energies in front of the first magnetic field peak
with 0 neV ≤ Ekin,0 ≤ 10.0 neV. This range is in this work called the energy acceptance
∆Ekin,0 of the trap. Considering the neutron density at low energies

%(E) ∼
√
E, (4.19)

the number of neutrons in the storable energy range scales with %UCN ∼ E3/2 [GRL91].
With Emax

kin,0(879 mm) = 10.0 neV, the storable phase space is thus very small. This gets
even worse since we additionally have to take gravity into account.

4.2.2 The maximum storable energy depending on gravity

The storage octupole and the neutron guide are aligned concentrically6, but they have
different radii (rguide = 25 mm compared to rSO = 54 mm), which results in a height
difference of s0 = 29 mm between the bottom of the neutron guide and the bottom of the
storage octupole. This is illustrated in Fig. 4.10. We assume a neutron being spin flipped
to the low-field seeking state at a certain height s = s0 + ∆s, with ∆s limited by the
neutron guide and ranging from 0 mm to 2rguide = 50 mm. Inside the storage octupole this
neutron falls down and is accelerated by gravity until the repulsive Stern-Gerlach force
prevails and the neutron is reflected. In the worst case, this reflection occurs only a short
distance above the bottom of the storage octupole, so that the neutron is accelerated by
∆Vgrav = s · 102.4 neV/m beforehand.

This has to be taken into account in the calculation of the allowed initial kinetic energy,
so that Eq. 4.18 is extended to

Emax
kin,0(zSF,∆s) = 47 neV − 2|µn|B0(zSF)− (s0 + ∆s) · 102.4 neV/m (4.20)

resulting in a maximum for ∆s = 0 mm at a given spin flip position. The dependency of
Emax
kin,0(zSF,∆s = 0 mm) on zSF is shown in Fig. 4.11.
Taking again our example at zSF = 879 mm, we see that the already low maximum

initial energy of formerly 10.0 neV decreases further to Emax
kin,0(879 mm) = 7.0 neV when

we include gravity in the consideration. If we were able to position the spin flipper in
a lower magnetic field B0(zSF), the maximum storable energy would increase to up to
Emax
kin,0(1004 mm) = 19.9 neV. This value is calculated at the maximum allowed spin flip

position zSF = 1004 mm limited by the condition in Eq. 4.16, where we find B0(1004 mm) =
200 mT.

6It is shown in Ch. A.5.1.2, that the compensation octupole, and with it the neutron guide, is positioned
at an axial offset of δy = −2.6 mm. Nevertheless, concentrical alignment is assumed here for simplicity.
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4.2.3 The storable fraction of the neutron energy spectrum

In order to estimate the expected increase of the storable phase space when positioning
the spin flipper in a lower magnetic field, Eq. 4.19 is integrated according to

N(E) =

∫ Emax

Emin

%(E) dE. (4.21)

However, because of the dependency on ∆s of the total neutron energy after spin flip, not
all energy intervals may be treated equally as is shown in the following example calculation.

We assume the maximum allowed spin flip position at zSF = 1004 mm where B0(zSF) =
200 mT (cf. Fig. 4.11). Rewriting Eq. 4.20, and inserting B0(zSF) and s0 = 29 mm results
in

Ekin,0(zSF,∆s) ≤ 47 neV − 2|µn| · 200 mT− (29 mm + ∆s) · 102.4 neV/m

≤ 47 neV − 24.1 neV − 3.0 neV −∆s · 102.4 neV/m

≤ 19.9 neV −∆s · 102.4 neV/m.

(4.22)

With ∆s = 0 mm, we find the already known maximum initial energy Emax
kin,0(1004 mm) =

19.9 neV. Using Eq. 4.22 and Fig. 4.12 (left), we can distinguish four cases:

1. Neutrons with Ekin,0 > 19.9 neV are not storable under any conditions.

2. Neutrons with Ekin,0 = Emax
kin,0 = 19.9 neV are storable only, if they are spin flipped

at ∆s = 0 mm within the neutron guide.

3. Neutrons which are spin flipped at the maximum ∆s = 50 mm are storable, if Ekin,0 ≤
19.9 neV − 50 mm · 102.4 neV/m = 14.8 neV. This energy is called E′kin,0 and is
furthermore the limiting energy, up to which the spin flip height inside the neutron
guide does not matter and all neutrons are storable.

Figure 4.10: Schematics of the spin flipping unit front section for an estimation of the
gravitational acceleration of neutrons after spin flip. The SFU with Cu
shield (orange), compensation octupole and neutron guide is aligned con-
centrically with the storage octupole (light grey). The height of the neutron
guide lower edge above the bottom of the storage octupole is s0 = 29 mm.
A neutron (trajectory shown in red) is spin flipped at additional height ∆s
within the neutron guide. When entering the trap, it can thus be accelerated
by gravity (blue arrow) by up to ∆Vgrav = (s0 + ∆s) · 102.4 neV/m.
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4. Neutrons with E′kin,0 < Ekin,0 < Emax
kin,0 can be stored only, if they are spin flipped

below a certain height ∆s = ∆smax, so that Eq. 4.22 would still be fulfilled. Assuming
an equal distribution of neutrons over the neutron guide cross section, this means,
that only a fraction of neutrons is storable, which calculates as the ratio between the
area up to ∆smax and the full cross section of the neutron guide.

These conditions have to be accounted for when integrating the neutron spectrum. There-
fore, Eq. 4.21 is extended by a weighting function

w(Ekin,0) =



1 for Ekin,0 ≤ E′kin,0

1−

 cos−1
(

1− E′
r·p

)
r2−

(
r−E′

p

)√
2rE

′
p
−
(
E′
p

)2

πr2

 for E′kin,0 < Ekin,0 ≤ Emax
kin,0

0 for Ekin,0 > Emax
kin,0

(4.23)
with E′ = Ekin,0−E′kin,0 and p = 102.4 neV/m. The storable phase space is then calculated
as

%UCN(E) =

∫ Emax

Emin

%(E)w(E)dE, (4.24)

which corresponds to the blue shaded fraction in Fig. 4.12 (right). Relative to the storable
phase space achievable with the birdcage resonator, this would result in an increase by
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spin flip field condition of Eq. 4.16 is violated. The yellow line refers to
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Figure 4.12: Left: Schematics of the SFU front section in the x−y plane as seen from in-
side the trap. The minimum distance between storage octupole and the con-
centrically aligned neutron guide is s0 = 29 mm. Neutrons in a small energy
range close to the upper limit of the energy acceptance are only storable, if
they are spin flipped below ∆smax, the storable fraction of all neutrons in
this range is marked by the gray region. Right: Simulated neutron energy
distribution following a

√
E-behaviour (black) and the weighting function

of Eq. 4.23 resulting from the spin flip height dependency inside the neutron
guide (red, shown on the right axis). In combination, only the blue shaded
part of the spectrum is storable in τSPECT.

g =

∫ 19.9 neV
0 neV %(E)w(E) dE∫ 7.0 neV
0 neV %(E)w(E) dE

≈ 7.4. (4.25)

Even this being only an approximation, we can conclude that the filling position must
be in the lowest magnetic field which still allows for efficient spin flipping (cf. Ch. 4.1.2)
in order to store as many neutrons in the trap as possible.

4.2.4 Implications for the birdcage resonator

The optimisation of the filling position in τSPECT implies that the resonance frequency
of the spin flipper needs to be adapted, so that the resonance condition 2πfSF = ω0 is still
fulfilled. This is illustrated in Fig. 4.13: The left axis shows B0(z) in the region behind
the first magnetic field peak, the right axis refers to the corresponding resonance frequency
calculated as fSF = ω0/(2π) = γB0(zSF)/(2π). The inset is a detailed view of of the
region around a weak field minimum at z = 1056 mm, which plays a role in the discussion
in Ch. 5.2.1. Within the grey shaded region, the spin flip field condition of Eq. 4.16 is
violated. The marked position shows the position calculated from the resonance frequency
of the birdcage resonator (zSF = 859 mm, cf. Ch. 3.3.4)7. In the allowed spin flipping
region up to zSF = 1004 mm, we find frequencies in a range ∼ 5.5 MHz ≤ fSF ≤ 10 MHz.

7The measurements using the birdcage resonator were done at zSF = 879 mm but without adapting the
resonance frequency, so that we refer to the theoretical optimum position here.
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The birdcage resonator was built in a low-pass design (cf. Ch. 3.3.1), for which it was
experimentally determined, that increasing the capacities within the rungs decreases the
resonance frequency. However, in order to shift the resonance frequency over several MHz,
additional capacities in the nF-range would have been required, which was a problem for
the following reasons:

1. Inserting variable capacitors would have been a rather flexible solution for a tuning
to various different frequencies, however, such capacitors range typically only up to
∼ 100 pF, which is too small for the required frequencies in τSPECT.

2. Replacing the already mounted capacitors by such with higher capacity was not
optimal, because the Q-value (cf. Ch. 3.3.2.1) decreases with rising capacity, which
makes them more and more unsuitable for applications involving RF.

3. We could have added further capacitors with C ∼ 1 nF in parallel to the existing
ones. However, due to the size of the capacitor housing (the edges have lengths
of one to several millimeters), only a small number of capacitors would have fitted
between the copper plates of the birdcage resonator and the compensation octupole,
which in turn would have limited the adjustable frequency range.

In addition, every tuning to a different resonance frequency implied a reconstruction of
the birdcage resonator outside of τSPECT, which would have been cumbersome and time-
consuming. Using a birdcage resonator for an optimisation of the filling position was thus
not the optimum solution. An alternative was found by replacing the birdcage resonator
with an externally frequency tunable double saddle coil, which is presented in Ch. 5.

4.3 Summary

This chapter presented the theory of the adiabatic fast passage spin flipper in longitudinal
magnetic fields as well as the dependency on the polarisation of the rotating B1 field.
Since calculations regarding a spin flip efficiency are possible only numerically, Monte Carlo
simulations were done in order to estimate the influence of the transversal field amplitude
of the compensated octupole field. In terms of measurable quantities, the condition on the
magnetic field configuration at the spin flip position was found as k(zSF) + |∆k(zSF)| ≤ 3,
which in τSPECT is fulfilled up to zSF = 1004 mm. From an energy analysis before and
after the spin flip, the maximum allowed initial kinetic energy of storable UCN was deduced.
With the birdcage resonator, this maximum energy is calculated as Emax

kin,0(879 mm) =
7.0 neV, which is constrained by its fixed frequency ωSF and thus the fixed spin flip position
in the magnetic field. It was estimated, that if the spin flip position was in a lower magnetic
field, the storable phase space could be increased, however, this makes a frequency tunable
spin flipper necessary. Such a spin flipper is realised as double saddle coils and presented
in the next chapter.
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Chapter 5

Optimisation of spin flip loading in
τSPECT

The calculations in Ch. 3.6.4 showed, that the number of neutrons in the magnetic trap
needs to be increased in order to reduce the overall measurement time for a first neutron
lifetime measurement with ∆τn ≤ 1.0 s. This can in theory be achieved by using spin flip
positions further inside the trap where B0(zSF) is smaller, which leads to an increase in
the maximum energy - and consequently the number of neutrons - storable in the trap.

As we have seen at the end of the previous chapter, changing the resonance frequency
of the birdcage resonator is not reasonably possible in the required range of several MHz.
Therefore, the birdcage resonator is replaced by a frequency tunable spin flipper built from
a pair of saddle coils, which is presented in the first part of this chapter. The second part
deals with an optimisation of the normalisation and the spectrum cleaning procedure.

5.1 Spin flipping using a double saddle coil

The shape of a saddle coil is shown on the left in Fig. 5.1. It is the simplest approximation
to a cosine-theta coil (cf. Ch. 3.3.1), consisting of two opposite rectangles of wire on a
cylindrical surface as shown in Fig. 5.1 (left). Its characteristics are a length l, a bending
radius d/2 and an opening angle φ. With a constant current flowing through the wire,
a static magnetic field is generated as shown by the red arrow in the left figure and the
white arrows in the field map on the right, which is the result of a FEM simulation using
COMSOL Multiphysicsr. Using a sinusoidal current at a frequency fSF leads to a linear
oscillation of the magnetic field. A second saddle coil is added, rotated by 90◦, as shown
in the middle of Fig. 5.1. This second coil superimposes a second linearly oscillating field
perpendicular to the first one. The coils are excited individually at the same frequency
fSF and amplitude, but with a phase shift ∆ϕ. With this phase shift, the polarisation of
the resulting magnetic field can be adjusted to linear π-polarisation (∆ϕ = 0◦ or 180◦),
circular σ±-polarisation (∆ϕ = ±90◦) or elliptical polarisation at any other values.

The spin flipper was built as this double saddle coil assembly and is shown in Fig. 5.2
(left). The coils are wound on a holding cylinder made from PEEK with special millings to
simplify the construction. Two pick-up coils are added for functionality checks, as well as
a PT1000 sensor on the backside for temperature surveillance. The dimensions of the two
coils are l = 60 mm, d/2 = 31.5 mm and φ = 120◦. The value for the opening angle arises

81
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Figure 5.1: Schematics of a single saddle coil and the double saddle coil assembly. Left:
A single saddle coil of length l, bending radius d/2 and opening angle φ,
carrying a constant current (black arrows) generates a static magnetic field
(red arrow). Middle: The same saddle coil is now shown in red. By adding
a second saddle coil (blue), rotated by 90◦ and using sinusoidal excitation, a
field superposition of two linearly oscillating magnetic fields can be achieved.
A phase shift in the excitation signals changes the polarisation of the resulting
B1 field. Right: Simulation of the B1 field at direct current (arbitrary units)
using COMSOL Multiphysicsr, the white arrows show the direction of the
field.

from the analytic optimum found in [GM70], leading to the most homogeneous field in the
centre of the coil, which is, however, deduced for l/d = 2. With l/d being approximately
1 in our case, [SVMT06] quotes an optimum of φ = 135◦. Regarding the spin flipper for
τSPECT, this leaves room for improvement. The coils are positioned with a longitudinal
offset of 10 mm to reduce cross-talk. Therefore, the effective length of the spin flipper is
leff = 50 mm. The excitation circuit is shown on the right side of Fig. 5.2. The sinusoidal
signal is produced by the two output channels of a frequency generator1, the phase shift
is added to channel No. 2. The signals are amplified in two stages2, because the main
amplifiers require an input power of at least 1 W. Both tuning and impedance matching
of the saddle coils to |Z| = 50 Ω (cf. Ch. 3.3.2.1) are done by amateur radio tuners3

outside of the experiment. This is the main improvement with respect to the birdcage
resonator, where the resonance frequency was fixed by the capacitors mounted within the
rungs (cf. Fig. 3.18). Finally, after passing bidirectional couplers, the two signals generate
the magnetic field inside the spin flipper. The couplers are used for signal monitoring and
for adjusting the signal phase and amplitudes.

5.1.1 Increasing the UCN density in τSPECT

The saddle coil spin flipper was mounted inside the compensation octupole in τSPECT
and tested with neutrons for the first time in beamtime Feb2020. In the following, the
optimisation of the spin flip position with respect to B0 in order to increase the energy
acceptance (cf. Ch. 4.2.1) is shown; afterwards, we have a look at the characterisation of the
spin flipper. If not mentioned otherwise, all measurement results refer to the background

1Frequency generator: Siglent SDG2042X
2Pre-amplification: K-N-E 10W-QRP power amplifier, max. output 10 W

Main amplification: RM Italy HLA300 V plus, max. output 300 W
3Frequency tuning: MFJ-969 Versa Tuner II

https://www.siglent.eu/product/1138458/siglent-sdg2042x-40mhz-function-arbitrary-waveform-generator
https://kn-electronic.de/Bausaetze/FET-PA10.html
https://www.rmitaly.com/en/product/hla300-v-plus-2/
http://www.radiomanual.info/schemi/ACC_matching/MFJ-969_user.pdf
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Figure 5.2: The finished saddle coil spin flipper and the excitation circuit. Left: The
saddle coils (1) and (2) are wired onto a holding tube. Two pick-up coils
(3) and a PT1000 sensor (4) (not shown) are used for functionality and
temperature checks. Right: The excitation signals (with the adjustable phase
shift ∆ϕ added to channel No. 2 are produced by a frequency generator and
amplified (red dashed box). Two amateur radio tuners tune and match the
saddle coils to |Z| = 50 Ω at the desired frequency (blue dashed box). After
passing the bidirectional couplers (green dashed box), which are used for
phase and amplitude adjustments, the signals generate the magnetic field
inside the spin flipper.

subtracted UCN counts N in the counting interval normalised to the average pulse energy
of the specific beamtime.

5.1.1.1 The optimum filling position relative to B0 in τSPECT

The optimisation of the spin flipper filling position was done using 50 s storage measure-
ments without cleaning at zSF = [900, 935, 959, 980, 1020] mm. The height of τSPECT
was h = 1.47 m with beamline No. 2 (cf. Ch. A.6). At each position, the required RF
frequency ωSF = 2πfSF was calculated to match ω0(zSF) = | − γB(zSF)|, with B(zSF) the
total magnetic field at the nominal spin flip position calculated using Eq. 3.10. Further-
more, the signal phase ∆ϕ at the bidirectional couplers was set to +90◦ and the RF power
to P ≥ 50 W, where saturation of the trap is reached (see Ch. 5.1.1.2 further below for
details on the optimisation processes).

The results are shown in Fig. 5.3 as average and standard deviation of multiple mea-
surements with normalisation to the average pulse energy. The measurements in beam-
time Sept2019 using the birdcage resonator were re-normalised to beamtime Feb2020. At
the rather short storage time, also with the spin flipper switched off again an average
of NSF_off = 60 ± 8 UCN were detected. The grey shaded region shows the positions
zSF > 1004 mm, where ∇tB(r = 25 mm, zSF) > 3∇zB(r = 0 mm, zSF) and thus the spin
flip field condition k(zSF) > 3 (cf. Eq. 4.16) is violated. It is apparent, that N significantly
increases when zSF is shifted to positions further inside the storage octupole where B0 is
lower. By performing the spin flip at zSF = 980 mm, 4.3± 0.6 times more neutrons could
be stored in comparison to the measurements with the birdcage resonator. The decline
in N at zSF = 1020 mm furthermore confirms, that positions where the field condition is
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Figure 5.3: Number of stored neutrons N after 50 s storage depending on the spin flip
position zSF, normalised to the average pulse energy. Compared to the bird-
cage resonator measurement (red circle), the frequency tunable saddle coil
spin flipper allows for spin flip positions, where N increases up to a factor
of ∼ 4 (blue squares). Each data point is the average value and standard
deviation of multiple measurements at that position. With the spin flipper
switched off, NSF_off = 60±8 UCN are measurable (open circles). The range
with kmean + |∆kmean| > 3 is marked by the grey area. Here, as expected
from the MC simulation, εSF drops and N is reduced by ∼ 25 %.

violated should be avoided as here the spin flip efficiency decreases.
Therefore, we take zSF = 980 mm = zSF,opt as temporary optimum filling position. Here

we find the energy acceptance of the trap as

∆Ekin,0 = [0 neV, 18.9 neV] . (5.1)

5.1.1.2 Optimisation of the saddle coil parameters

Each new spin flip position requires the optimisation of three parameters in order to guar-
antee, that the spin flipper is maximally efficient. These parameters are in principle the
frequency, the RF power and the polarisation of B1.

The spin flipper frequency The optimum spin flip position for the birdcage resonator
measurements in Ch. 3.6.3 was calculated from its fixed resonance frequency (cf. Ch. 3.3.4).
In this calculation, we used the simulation of B0 and the measurement result of the com-
pensated octupole field Babs,mean = 25(4) mT at r = 25 mm (cf. Tab. 3.1). However,
since the transversal field (and consequently the total field and the resonance frequency)
is not fixed over the neutron guide cross section, a position optimisation around the target
position was required in order to confirm this approach (cf. Ch. 3.6.3).
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With the saddle coil spin flipper, the process is reversed compared to the birdcage res-
onator, but a similar argumentation holds: We start with a fixed target spin flip position
zSF and calculate the total magnetic field B(zSF) using Eq. 3.10 again, inserting B0(zSF)
and the compensated octupole field Babs,mean = 25(4) mT at r = 25 mm. From the corre-
sponding Larmor frequency ω0(zSF) = |−γB(zSF)| (cf. Eq. 3.1), the required RF frequency
ωSF = 2πfSF is deduced and the spin flipper tuned accordingly. The maximum spin flip
efficiency is achieved if the resonance ω0(zSF) = 2πfSF lies inside the spin flipper, so that
the maximum B1 amplitude is useful. With an infinitely long saddle coil this would always
be the case, however, with the spin flipper of finite length, fringe effects occur: If the spin
flipper is positioned such that the resonance lies within the fringe field at the edges of the
saddle coils, the amplitude of B1 is reduced and the field points increasingly in longitudi-
nal direction. As only the projection of B1 perpendicular to the longitudinal B0 field is
effective for the spin flip (cf. Ch. 4.1), the spin flip efficiency decreases. Outside of the
spin flipper fringe field B1 drops eventually to zero - here no spin flip is possible anymore.

The optimisation of the resonance lying inside the spin flipper can be done by choosing a
fixed spin flip position and vary the RF frequency (this moves the position of the resonance
relative to the spin flipper), however, retuning the spin flipper during beamtimes is rather
time-consuming. The other possibility is to keep the RF frequency fixed and instead vary
the position of the spin flipper relative to the position of the resonance.

The result of such a spin flip position optimisation is shown in Fig. 5.4: The target
position was zSF = 900 mm at which the resonance frequency was calculated as fSF =
8.021 MHz. The plateau-shaped behaviour, that we saw with the birdcage resonator as
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Figure 5.4: Saddle coil spin flip position optimisation around zSF = 900 mm at fSF =
8.021 MHz using 50 s storage measurements and an RF power of 50 W. The
blue squares show the measurement results on the left axis, normalised to
the average pulse energy. The red line depicts the B0 field at Imain= 33 A,
referring to the right axis. The target spin flip position is marked by the red
circle, which is confirmed as optimum by the measurement results.
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well (cf. Fig. 3.29), is visible within errors between zSF ≈ 880 and 920 mm, which is
slightly smaller than the effective spin flipper length of leff = 50 mm. At positions beyond
this region, the resonance lies only within the fringe field of the spin flipper, so that
the effective B1 amplitude does not suffice for a maximum spin flip efficiency anymore.
Consequently, the number of neutrons storable in the trap decreases.

To summarise, with the target position lying well within the measured plateau, we can
confirm this position as the optimum for the given RF frequency.

The dependency on RF power Under the assumption of neglectable transversal gra-
dients (∇tB � ∇zB), the spin flip efficiency εSF for neutrons at a given velocity depends
only on ∇zB and the B1 amplitude (cf. Eq. 4.12). At each spin flip position, ∇zB in
the centre of the spin flipper is a fixed parameter, so that εSF depends only by B1 (this
dependency was also simulated at one selected spin flip position zSF = 980 mm as was
shown in Ch. 4.1.2).

In τSPECT, the amplitude of B1 is scaled by the irradiated RF power, which is in turn
adjusted by the signal amplitude of the frequency generator. The maximum RF power, that
can be irradiated, depends on the impedance matching of the spin flipper to |Z| = 50 Ω (cf.
Ch. 3.3.2.1). If the spin flip position is changed the resonance frequency must be adapted
to the magnetic field at the new position, so that ω0(zSF) = | − γB(zSF)| = 2πfSF remains
valid.

Consequently, every time the spin flipper is retuned, its performance with respect to
power needs to be measured. This serves as a quality check for the impedance matching,
because the main amplifiers enter a fail-safe mode if the reflected power becomes too large
and would have to be restarted.

Furthermore, the power output of the amplifiers depends on the frequency as well.
During measurements with τSPECT the experimental area is not accessible, so that the
power output cannot be read directly, which would be required e.g. when changing the
B1 amplitude. Therefore, a look-up table is required at each frequency, which relates the
input signal amplitude to the resulting output power.

In order to measure the performance, the spin flipper was switched on manually for 6 s
independently of UCN production. The irradiated power is read from the analog displays of
the tuners and the voltage measured with the pick-up coils at the spin flipper is monitored
while the signal voltage is raised.

Fig. 5.5 shows an example of the resulting dependency between the induced volt-
age in the pick-up coils Upp (peak-to-peak voltage) and the RF power at the two fre-
quencies fSF,1 = 8.021 MHz (corresponding to zSF,1 = 900 mm) and fSF,2 = 6.098 MHz
(zSF,2 = 980 mm). The errors are estimated from the reading uncertainties. In both
cases, irradiating up to at least 100 W was safely possible with the dependency following
a
√
P -behaviour, as confirmed by the two fits of shape4 U(P ) = a

√
P . This behaviour is

explained using the proportionality in Ampère’s law B ∝ I (cf. Eq. A.6), P = UI/2 for
alternating current, and Ohm’s law U = RI, resulting in the relation

P ∝ I2 ∝ B2
1 . (5.2)

4The fit parameters are a = 0.1490(21) V/
√

W for fSF,1 (χ2/ndf = 0.92) and a = 0.1350(12) V/
√

W for
fSF,2 (χ2/ndf = 0.35).
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Figure 5.5: Pick-up coil voltage at the saddle coil spin flipper depending on the input
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√
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the expected proportionality deduced in Eq. 5.3.

The voltage induced in the pick-up coils on the other hand depends linearly on B1 according
to Maxwell-Faraday’s induction law (cf. Eq. A.3). In terms of measurable parameters then
follows

√
P ∝ B1 ∝ Uind. (5.3)

For τSPECT, this means, that the RF power does in fact generate the B1 field in the
saddle coils and is not dissipated in the impedance matching circuit of the tuners. However,
since the pick-up coils have not been calibrated, a direct deduction of the B1 amplitude is
not possible. Therefore, the number of storable neutrons N after ts = 50 s was measured
depending on the irradiated RF power, and thus B1. Saturation of the trap with UCN is
expected as soon as B1 is high enough to reach the full spin flip efficiency of εSF ' 1. An
example of such measurement results is shown in Fig. 5.6, again for zSF,1 = 900 mm and
zSF,2 = 980 mm, where we can distinguish two major effects:

1. At zSF,1 the longitudinal gradient is higher than at zSF,2 (∇zB(zSF,1) = 14.0 mT/cm
compared to ∇zB(zSF,2) = 3.6 mT/cm), so that a higher B1 amplitude is required
for maximum spin flip efficiency and thus saturation of the trap is reached at higher
RF powers.

2. The maximum storable energy Emax
kin,0 is larger at zSF,2 (Emax

kin,0(zSF,2) = 18.9 neV
compared to Emax

kin,0(zSF,1) = 11.0 neV, cf. Ch. 4.2), resulting in a higher number of
neutrons in the storable energy range. Therefore, at zSF,2, N in saturation reaches a
higher level.
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Figure 5.6: Number of storable neutrons depending on the irradiated RF power at zSF,1 =
900 mm (red) and zSF,2 = 980 mm (blue). The data shows a saturation
behaviour, with N increasing with P as long as N(P ) < Nsat, and Nsat given
by the energy acceptance at the individual spin flip position. The lines are
saturation fits according to Eq. 5.4 with the fit parameters listed in Tab. 5.1.
The light blue data points are not included in the fit for zSF,2.

Both data sets are fitted using a saturation function of the shape

N(P ) = Nsat

(
1− exp

[
− P

P1/e

])
+NSF_off (5.4)

with Nsat the number of storable neutrons in saturation, P1/e the characteristic RF power
at which 1/e of the saturation is reached, and NSF_off the offset at P = 0 W. The light
blue data points are not included in the fit at zSF,2 due to the limited statistics. The fit
parameters are listed in Tab. 5.1. As from P ' 50 W onwards the measurement results of
each set are consistent within errors, we assume, that here saturation of the trap is fulfilled
sufficiently. It can thus be confirmed, that the saddle coil spin flipper reaches full efficiency
well within its safely operational range. If not mentioned otherwise, all measurements in
this work using the saddle coils were done in saturation.

Table 5.1: Results of the saturation fits in Eq. 5.4 to the measurements depicted in
Fig. 5.6.

fSF Nsat P1/e NSF_off χ2/ndf

8.021 MHz 364.9± 14.5 27.7± 3.5 W 63.1± 8.6 1.55
6.098 MHz 716.9± 21.9 10.5± 2.1 W 58.7± 13.8 3.34
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The dependency on the signal phase shift ∆ϕ Successful spin flipping depends on
the polarisation of the B1 field, as was shown in Ch. 4.1.1.1, because when expressing the
polarisation as two counter-rotating fields, only the B+ component is on resonance with
the neutron Larmor precession. By changing the phase shift ∆ϕ between the saddle coil
excitation signals, the fraction of the B+- and B−-component in the resulting B1 field is
varied.

The phase dependency was measured in beamtime June2020 using 200 s storage mea-
surements at zSF,opt = 980 mm and a reduced RF power of 20 W (we will see why in a
moment). The rather long storage time was chosen in an attempt to avoid counting the
spin flipper independent neutrons NSF_off, because at perfect σ− polarisation, the spin
flip efficiency should go down to zero and thus the trap should be empty. The resulting
dependency of N on ∆ϕ is shown in Fig. 5.7 with the x-axis corresponding to the phase
difference measured at the bidirectional couplers.

The leftmost three measurement points are repeated on the right to enhance the visi-
bility of the periodic structure of the data. The grey bands roughly indicate the estimated
field polarisation at the respective phase shift. The data roughly follows the shape of the
modulus of a cosine function, so that a fit of the form
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Figure 5.7: Number of stored neutrons after ts = 200 s depending on ∆ϕ as measured
at the bidirectional couplers with normalisation to the average pulse energy.
The spin flipper was set to fSF = 6.098 MHz at zSF = 980 mm and P = 20 W.
The red line is a fit of the modulus of a cosine function (cf. Eq. 5.5). The
maximum number of neutrons was measured at ∆ϕ = 90◦, which corresponds
to σ+ polarisation of the B1 field. The opposite σ− polarisation is thus found
at −90◦ and 270◦, where no spin flip is possible and N = NSF_off. In the
centre between these two extremes (0◦ and 180◦), linear polarisation of B1 is
realised. Here, the effective B1 amplitude is reduced to a factor of 1/

√
2.
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N(∆ϕ) = Nσ+

∣∣∣∣cos

(
1

2
(∆ϕ− ϕ0)

)∣∣∣∣+NSF_off (5.5)

is applied with the optimum found at ϕ0 = (87.9±2.3)◦ and Nσ+ = 358.4±14.9 (χ2/ndf =
0.89). Given the non-vanishing parameter NSF_off = 45.2 ± 9.3 either not all spin flipper
independent neutrons could be eliminated or perfect σ− polarisation was not achieved5.
Linear polarisation is found at ∆ϕ(σ+) ± 90◦. From B+ = B− (cf. Ch. 4.1.1.1) follows
B1 =

√
2(B+)2, so that here the useful component for spin flipping is reduced to B+ =

B1/
√

2. The factor 1/
√

2 is also visible in the reduction of N . The direct proportionality
between N - and consequently εSF - and B1 is only possible if εSF depends linearly on B1,
which contradicts Eq. 4.12. In the Monte Carlo simulation in Ch. 4.1.2 on the other hand
such an approximately linear dependency between εSF and B1 was found when increasing
the B1 amplitude until εSF saturated at 100 % (cf. Fig. 4.8). Therefore, as long as the
spin flipper is operated at an RF power which is not in the trap saturation range (see
also Ch. 5.1.1.2), the optimum phase ∆ϕ has to be found to achieve maximum spin flip
efficiency.

If we raise the power to the saturation regime, the cosine behaviour of N vanishes and
εSF becomes independent of ∆ϕ in a wide range around the optimum: This is shown in
Fig. 5.8 as the result of measurements with P = 80 W and a storage time of 50 s. The fit
corresponds to a function of shape

5This could have been investigated by measuring the number of neutrons in the trap after ts = 200 s
with the spin flipper switched off, which was not done in this case.
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Figure 5.8: Number of stored neutrons after ts = 50 s (red) depending on ∆ϕ at P =
80 W with normalisation to the average pulse energy. With the RF power in
the saturation regime, εSF is maximum over a wide range up to ∆ϕ ' 220◦.
The black line corresponds to a fit of the function in Eq. 5.6.
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N(∆ϕ) = Nsat

(
1− w2

w2 + (2∆ϕ− 2∆ϕ0)2

)
+NSF off (5.6)

with the number of neutrons in saturation Nsat = 730.0± 10.6, a fixed offset NSF_off = 60,
and a dip at ∆ϕ0 = (271.9± 3.4)◦ with a half width of w = (35.2± 5.9)◦ (χ2/ndf = 2.60).
The reason for this independency is that at high powers also a reduced B+-component still
suffices to achieve maximum spin flip efficiencies.

5.2 Implications for measurements with τSPECT

The measurements using the double saddle coil spin flipper showed, that it is sufficient
to know the correct spin flip position with respect to B0 within several 10 mm due to the
length of the saddle coils. Also as soon as the RF power is in the saturation regime and
∆ϕ is roughly close to the optimum, the spin flipper reaches maximum efficiencies.

Maximum efficiencies were also obtained with the birdcage resonator (cf. Ch. 3.6),
however, due to its fixed resonance frequency a variation of the spin flip position was not
possible and the storable phase space was limited by the maximum initial kinetic energy
Emax
kin,0(879 mm). In comparison, the number of storable neutrons after 50 s storage time

could be increased by a factor of ∼ 4 to N = 786 ± 63 at the optimum filling position
zSF,opt = 980 mm. In addition to these results, two further optimisations were attempted,
which are discussed in the following.

5.2.1 Improving the compensation of the octupole field

In the process of finding an analytic approximation of the compensated octupole field (cf.
Ch. A.5.1.2), the rotational and axial offsets between storage and compensation octupole
are estimated as δϕ = 0.2◦ and δy = −2.6 mm. The rather large axial misalignment arises
from a full compression of the springs at the lower two rolls, on which the spin flipping
unit is moved on the storage octupole surface (cf. Ch. 3.1.2), which was already visible
in the setup for the compensated field measurement (cf. Ch. 3.2.2.1). By adding 3.5 mm
thick cylinders under the springs, the spring deflection is decreased and full compression
occurs earlier, so that the axial offset can be reduced as is shown in Fig. 5.9 (left).

The left half of the figure refers to the initial situation, the right half corresponds to the
configuration including the cylinders. Considering the 45◦ arrangement of the rolls with
respect to the vertical axis, the axial offset is reduced by 3.5 mm × cos(45◦) = 2.47 mm.
As a conservative estimation, this value is rounded down, leaving a remaining axial offset
of δy = −0.2 mm.

Due to time issues, the resulting magnetic field after centring could not be measured and
was simulated using COMSOL Multiphysicsr instead. The right side of Fig. 5.9 shows the
compensated field measurement data at r = 25 mm obtained in Ch. 3.2.2.1 for reference
and an according simulation with δϕ = 0.2◦ and δy = −2.6 mm, as well as a simulation
with δy = −0.2 mm corresponding to the resulting field after centring the compensation
octupole. It was discussed in Ch. 3.2.2.1, that an axial offset is responsible for the reduction
in the multipole order of the compensated field. Therefore, due to the small but still present
offset δy after centring the compensation octupole the hexapole shape remains.

In order to quantify the effect of the centring on the compensated magnetic field, the
mean field and gradients of both measurement and simulations were calculated and are
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Figure 5.9: Centring principle of the compensation octupole and simulation of the effect
on the compensated magnetic field. Left: Split view of the alignment of com-
pensation octupole and neutron guide with respect to the storage octupole
before (grey, left half) and after centring (black, right half). The position of
full compression of the springs under the lower two rolls is shifted inwards
by 3.5 mm using stainless steel cylinders (indicated in orange). The compen-
sation octupole is thus lifted by 2.4 mm from δy = −2.6 mm to −0.2 mm.
Right: Radial component of the compensated octupole field measurement at
r = 25 mm (red data points) and the corresponding simulation using COM-
SOL Multiphysicsr with δϕ = 0.2◦ and δy = −2.6 mm (blue dashed line).
Assuming δy = −0.2 mm after centring results in the field shown by the green
solid line.

listed in Tab. 5.2. The results of measurement and simulation of the uncentred com-
pensation are consistent within errors. Comparing the absolute mean field and gradient
Babs,mean and |∇tB|mean of the simulated fields, the compensation is improved by a factor
of 12.2 ± 4.5 and 11.8 ± 4.6, respectively. On average, the centring improves the field
compensation by a factor of 12.0± 3.2. Including these results in the total magnetic field
in τSPECT and calculating k according to Eq. 4.16, we find that the maximum allowed
spin flip position is shifted from formerly 1004 mm to 1055 mm at Imain= 33 A.

The effect of the centring was measured with neutrons in beamtime Dec2020 using 50 s
storage measurements at the so far optimum spin flip position zSF = 980 mm and three
positions closer to the trap minimum (zSF = [1005, 1020, 1030] mm). At each position, the
required RF frequency was calculated as described in Ch. 5.1.1.2, with the total magnetic
field (cf. Eq. 3.10) consisting of B0(zSF) in longitudinal direction and Babs,mean at r =
25 mm obtained from the simulated field results after centring. Furthermore, the spin flip
position as well as the B1 polarisation were optimised as described in the previous section,
and the RF power was raised to the saturation regime.

The result is shown in Fig. 5.10, each data point corresponds to the average of a set
of measurements, the error is the standard deviation of these measurements. The data
obtained in beamtime Feb2020 are depicted for reference with a re-normalisation to the
average pulse energy of beamtime Dec2020. Here, the compensation octupole was still
misaligned by δy = −2.6 mm. After centring the compensation octupole, the high level
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Table 5.2: Storage octupole field before and after centring. The measurement data is
taken from Tab. 3.1, the simulation results are obtained using COMSOL
Multiphysicsr with misalignments of δϕ = 0.2◦ in both simulations, and
δy = −2.6 mm (uncentred) and δy = −0.2 mm (centred). All values refer
to a radius of r = 25 mm. Regarding the absolute magnetic field and gradient,
an average improvement of the field compensation by a factor of 12.0± 3.2 is
achieved.

Measurement Simulation Simulation
uncentred uncentred centred

Babs,mean 25± 4 mT 26.8± 2.2 mT 2.2± 0.8 mT

|∇tB|mean 29± 15 mT/cm 24.8± 2.1 mT/cm 2.1± 0.8 mT/cm

of stored neutrons N is confirmed at zSF = 980 mm, even though the absolute number
is reduced by around 17 %. In retrospect, a HD-contamination of the D2 gas within the
UCN source (cf. Ch. A.1) is held responsible for this reduction. The expected increase
in N at spin flip positions further inside the trap could, however, not be realised, rather
the contrary is the case: With N(1020 mm) = 44(5), the value is on the same level as
the result obtained with the spin flipper switched off (NSF_off = 46(1)), which means that
effectively, no storable LFS were produced. The situation is similar at zSF = 1030 mm
(N(1030 mm) = 67(6)).

We can exclude, that at these positions the RF signal did not reach the saddle coils but
was dissipated, e.g. within the tuners, by comparing the induced voltages in the pick-up
coils: The measured spin flip positions as well as the corresponding RF frequencies and
the induced voltages in the pick-up coils, Upp, are summarised in Tab. 5.3, with the error
in the voltage arising from reading uncertainties from the oscilloscope6. From Eq. A.5
follows, that with a given fixed field amplitude of B1 and a decreasing RF frequency, Upp
must increase. The measured voltages being consistent within errors, however, indicate a
slight reduction of B1 when decreasing the frequency. Nevertheless, from the fact, that at
zSF = 980 mm and 1005 mm UCN were stored, we can deduce, that also at zSF = 1020 mm
a B1 field was irradiated, which would have been sufficient to fill the trap with a number
of neutrons distinguishable from NSF_off.

Even though this was not the original intention, a successful centring of the compen-

6Compared to the pick-up coil signals in Fig. 5.5 with Upp(fSF = 6.098 MHz) = 1.2 V at 80 W, a
significant signal reduction is visible. This is caused by a shift in the self-resonances of the pick-up coils
due to the installation of isolated vacuum feedthroughs for the BNC connections in τSPECT.

Table 5.3: RF frequencies and induced pick-up coil voltages Upp at the spin flip positions
used in beamtime Dec2020. The voltage at zSF = 1030 mm was not measured.

zSF = 980 mm zSF = 1005 mm zSF = 1020 mm zSF = 1030 mm

RF frequency 6.030 MHz 5.903 MHz 5.776 MHz 5.753 MHz
Upp 250(20) mV 234(20) mV 226(20) mV -
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Figure 5.10: Number of stored neutrons after ts = 50 s depending on the spin flip posi-
tion before (δy = −2.6 mm, blue hollow squares) and after the centring
of the compensation octupole (δy = −0.2 mm, red bullets). The data
from beamtime Feb2020 was re-normalised to the average pulse energy
EDec2020 = 9.47 ± 0.16 MWs. The measurement positions zSF ≥ 1020 mm
are close to the field minimum of B0, so that after centring the compensa-
tion octupole, UCN are spin flipped twice. Therefore, no storable neutrons
are produced and N is on the same level as the measurements with the spin
flipper switched off (yellow and black markers).

sation octupole can explain this phenomenon: From Fig. 5.9 (right) follows, that after
centring the compensation octupole, Babs,mean ' 3 mT remain at δy = −0.2 mm, so that at
B0(z) ∼ 200 mT the total magnetic field B(z) =

√
B0(z)2 + (Babs,mean)2 ' B0(z), which

means that the transversal field becomes neglectable. It was shown in Fig. 4.13, that B0(z)
decreases to a minimum at z = 1056 mm (here, Bmin

0 = 196.6 mT at Imain= 33 A), and
increases again further inside the storage volume. Due to the length of the spin flipper,
configurations can be found, where two lines7 occur, on which the resonance ω0 = 2πfSF is
fulfilled - one in front of and one behind the minimum of B0. Without centring the com-
pensation octupole, the transversal field gradients were comparably high, which resulted
in a curvature of the resonance lines, so that neutrons could be spin flipped multiple times
depending on their trajectories (cf. Ch. 4.1.2), some exiting the spin flipper as high-field
seeker and some as low-field seeker. The result was a reduced number of N = 551(10)
neutrons in the trap at zSF = 1020 mm in beamtime Feb2020.

After centring the compensation octupole, the two resonance lines are nearly straight,
so that the neutrons are spin flipped twice regardless of their trajectory. This means that
usually storable LFS after a first spin flip are flipped back to the high-field seeking state.

7The line shape does only apply in a two-dimensional view, which is used as simplification here. In
three dimensions, the line must be rotated about the z-axis, resulting in a resonance plane. A curved
resonance line would result in a cone shaped surface plane in three dimensions.
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The trap thus remains empty apart from the filling process independent neutrons NSF_off.
In [Kar17], the magnetic field minimum in B0 was eliminated by additional longitudinal

compensation coils, so that efficient spin flips were possible in this region. Currently, these
coils are not operational due to a short circuit, which emerged during the installation of
hardware components into τSPECT (storage octupole, spin flipper side translation stage,
etc.). If they would be replaced and the magnetic field minimum removed, the filling
position could be further optimised.

5.2.2 Reduction of the current in the main coils

With the energy acceptance depending directly on the magnetic field at the spin flip po-
sition, a current reduction, and thus a reduction of B(zSF), leads to an increase in Emax

kin,0
(cf. Eq. 4.20).

The left side of Fig. 5.11 shows the maximum storable neutron energy Emax
kin,0(zSF) at

Imain = 31 A and 33 A in a region around the current optimum spin flip position at zSF =
980 mm (here, Emax

kin,0(33 A) = 18.9 neV). After centring the compensation octupole, the
spin flip condition inferred from the MC simulation (cf Eq. 4.16) is fulfilled up to zSF,max =
1055 mm. However, with no significant number of neutrons stored from zSF = 1020 mm
onwards in beamtime Dec2020 (cf. Fig. 5.10), the spin flip position was kept8 at zSF =

8After the discussion at the end of the previous section (cf. Ch. 5.2.1), filling positions with zSF >
980 mm can be made possible if the field minimum of B0 is eliminated.
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Figure 5.11: Influence of a reduction of Imain and experimental result. Left: The maxi-
mum storable energy in the spin flipping region at Imain = 33 A (red solid
line, current optimum marked at zSF = 980 mm) and 31 A (turquoise dashed
line). After centring the compensation octupole, spin flip positions up to
zSF = 1055 mm are possible (up to the grey shaded region). The vertical
line at z = 1056 mm marks the position, where ∇zB(z) = 0 mT/cm. Right:
Results of 50 s storage measurements depending on Imain after optimisa-
tion of the spin flipper parameters shown as average values and standard
deviations of all measurements taken into account (blue). Instead of the
expected increase (red hollow circle), N(31 A) is consistent with N(33 A)
within errors.
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980 mm. Here, Emax
kin,0 increases to 20.6 neV when reducing the current to Imain = 31 A,

which using Eq. 4.25 leads to an expected increase in the number of neutrons in the trap
by g ' 14.0 %.

A comparison measurement was done in beamtime Dec2020, during which beamline No.
3 (cf. Ch. A.6) was used with τSPECT at a height h = 1.557 m. The spin flipper was
operated in the saturation regime (P ≥ 50 W) and the spin flip position was optimised
(cf. Ch. 5.1.1.2). The simulation results of Tab. 5.2 after centring were included in the
total magnetic field and the required RF frequencies calculated as fSF,31 A = 5.665 MHz
and fSF,33 A = 6.030 MHz. The remaining neutrons after ts = 50 s were counted and
normalised to the pulse energy. For statistical reasons, the measurements of the position
optimisation between zSF = 970 mm and 990 mm were averaged, yielding a total of 9
measurements at Imain = 33 A (cf. Fig. B.7) and 8 measurements at Imain = 31 A. The
result is shown in Fig. 5.11 (right) with the errors the standard deviation. Instead of the
expected increase in N when reducing the current, N(31 A) = 644(31) is consistent within
errors with N(33 A) = 654(25).

An explanation for this observation might be found looking at the trap potential at
both currents: Fig. 5.12 shows B0(z) at Imain = 33 A and 31 A, as well as one of the field
measurements9 of the storage octupole along the z-axis at the azimuth angle φ = 216◦ (the
vertical direction corresponding to φ = 0◦ [Haa21]), which was rescaled to r = 53.5 mm

9The measurement was done by J. Haack [Haa16].
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(cf. Ch. 3.1). The yellow line corresponds to the minimum field of the octupole10 at
Bmin
oct ' 780 mT. At both currents, B0 exceeds this line still within the range of the storage

octupole. However, at 31 A the crossing point of B0 and Boct lies further outside and
already in the fringe field of the storage octupole, so that compared to B0 at 33 A, the
trap potential is reduced in this region. This effect might oppose the increasing energy
acceptance and (in case of no other loss mechanisms) would be of approximately equal
strength here, as follows from the comparable results in N .

With no improvement found when decreasing the current, Imain = 33 A is retained
for now. In future measurements, a variation of the current to 32 A or even 34 A could
be considered in order to investigate an optimum trade-off between a maximum energy
acceptance and a reduction of the storage potential in the fringe region of the trap.

5.2.3 Summary of the optimum parameters for τSPECT

So far, this chapter discussed the available parameters for spin flipping using double saddle
coils and showed, to what extend these parameters have to be optimised. The saddle coils
were found to perform maximally efficient while additionally being easy to handle due to
the possibility of external tuning and impedance matching. Consequently, switching back
to a birdcage resonator in a final design is not necessary.

Furthermore, the compensation octupole was centred inside the storage octupole, which
lead to an almost vanishing transversal field. However, with now being sensitive to the
magnetic field minimum of B0 at z = 1056 mm, the expected increase in the number of
storable neutrons N could not be realised yet, probably due to the neutrons being spin
flipped a second time and thus resulting in unstorable high-field seekers. A reduction of
the current in the superconducting coils producing the B0 field did also not lead to the
expected increase in N yet.

Nevertheless, with this newly gained knowledge, we can derive new optimisation possi-
bilities:

1. After reparation of the longitudinal correction coils, the magnetic field minimum of
B0 can be eliminated, so that the neutrons are spin flipped only once. This would
allow us to position the spin flipper further inside the trap, where B0(zSF) is lower
and the energy acceptance - and thus N - increases.

2. If filling positions further inside the trap are possible, the combination of current
in the superconducting coils and filling position can be optimised to maximise the
energy acceptance in the trap.

3. The dimensions of the narrowed neutron guide (the inner radius is r = 25 mm, cf.
Ch. 3.1.2)) was originally chosen to fit the birdcage resonator between the guide and
the compensation octupole. The saddle coils take up less room in comparison, so that
both the spin flipper including its holding tube (cf. Fig. 5.2, left) and the narrowed
neutron guide in the range of the spin flipper can be built with a larger radius. Taking
as example an increase in the bending radius of the saddle coils of dr = 1.5 mm from
d/2 = 31.5 mm to 33 mm and assuming a thickness of the wire of dw = 1.2 mm still
results in a distance to the compensation octupole (ri = 41.2 mm, cf. Ch. 3.2.2) of

10The minimum was found in a measurement along the z-axis at a different azimuth angle.
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7 mm, which is approximately the same distance as when the birdcage resonator was
installed. Increasing the neutron guide radius by the same amount would increase
the areal cross section in the narrowed region by 12 %, which is beneficial for neutron
transmission.

For the time being we will, however, continue with the optimum parameters for the
saddle coils, that we found so far. These parameters are listed in Tab. 5.4.

Table 5.4: Summary of the optimum spin flipper parameters as inferred from Chs. 5.1.1.1
and 5.1.1.2 at the time of writing this thesis.

Parameter Value

Spin flip position zSF 980 mm
RF frequency fSF 6.098 MHz
RF power PSF 80 W
RF phase ∆ϕ 90◦

Current Imain 33 A

5.3 Current status and preparatory studies regarding a life-
time measurement

A storage curve using the optimised parameters (cf. Tab. 5.4) is shown in Fig. 5.13,
normalised to the average pulse energy. The following double exponential function was
fitted to the data points:

N(t) = a1 exp(−t/τ1) + a2 exp(−t/τ2), (5.7)

the fit parameters are listed in Tab. 5.5. For direct comparison, the results from the storage
curve obtained in beamtime Sept2019 are included in the figure and the table. It can be
seen, that the number of permanently storable neutrons a2 increased by a significant factor
of 5.1(9) and the storage time τ2 by a factor of 1.5(3), even though it is not yet comparable
to the neutron lifetime (remember, that the current PDG average is τn = 879.4(6) s). This
improvement - especially in τ2 - may be caused by the different UCN energy spectrum at
the now larger energy acceptance, or because in beamtime Sept2019 long storage times of
ts > 800 s could not be measured due to limited statistics. However, regardless of the large
relative errors in a1 and τ1, we see from the fact that the fit still gives reasonable results,
that β decay is not yet the only loss channel.

Ch. 2.2.3 summarises the occurring losses in magnetic storage of UCN as 1) non-
adiabatic spin flips, and 2) marginally trapped neutrons. Non-adiabatic spin flips can
occur in magnetic fields with large gradients or if B ' 0 mT, in both cases the adiabaticity
parameter11

α =
γB2

|∇B|v
=
ω0

θ̇
(5.8)

11The adiabaticity parameter is here written in a more general way than in Eq. 4.10, which referred to
the rotating reference frame of the spin flipper.
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Figure 5.13: Storage curve measured with optimised parameters of the single spin flip
technique in beamtime Feb2020 at zSF = 980 mm (blue squares), normalised
to the average pulse energy. The red line is a double exponential fit to the
data according to Eq. 5.7, the fit parameters are listed in Tab. 5.5. The
grey bullets correspond to the results from beamtime Sept2019 using the
birdcage resonator at zSF = 879 mm. A significant improvement in both
storage time τ2 and permanently stored neutrons a2 is achieved.

approaches α ' 0. The right side of this equation is obtained after division by B and with
θ̇ = |∇B|v/B the change of the field orientation. The longitudinal field is always larger
than Bmin

0 (1056 mm) = 196.6 mT at Imain= 33 A, so that for the total field B ' 0 mT
can only be fulfilled where longitudinal field components opposite to B0 and of similar
amplitude occur. This could in principle be the case in the fringe field of the compensation
octupole when the spin flipping unit is in its filling position, or at the edges of the storage
octupole.

It was shown in Ch. 3.2.3 already, that the fringe field of the compensation octupole
is retained within its holding construction, so that B � 0 mT is fulfilled in this region.
In order to investigate the total magnetic field at the edges of the storage octupole, a
simulation of the octupole field at r = 53.5 mm was done with COMSOL Multiphysicsr

Table 5.5: Fit parameters of the storage curve measured in beamtime Feb2020 as shown
in Fig. 5.13. The fit function is given by Eq. 5.7. The first row corresponds to
the results from beamtime Sept2019, which are listed for comparison.

Beamtime a1 τ1 a2 τ2 χ2/ndf

Sept2019 400.2(57.8) 29.6(6.4) s 145.0(21.0) 476.9(79.7) s 1.53
Feb2020 217.8(105.3) 64.5(61.7) s 740.7(49.5) 713.1(46.9) s 1.38
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Figure 5.14: Magnetic field in the fringe region of the storage octupole on the spin flipper
side (left) and on the detector side (right). The field of the octupole was
simulated at r = 53.5 mm using COMSOLMultiphysicsr and superimposed
on the B0 field at Imain= 33 A by components. The absolute field of this
superposition is shown here. The physical edges of the storage octupole
at z = 570 mm and z = 1950 mm are marked by the black dashed lines.
The field minima in the region within the storage octupole are found as
Bmin
abs = 418.2 mT on the spin flipper side and Bmin

abs = 771.8 mT on the
detector side.

and the superposition with B0 calculated by components. The resulting total magnetic field
Babs is shown in Fig. 5.14, on the left at the edge of the storage octupole on the spin flipper
side and on the right at the edge on the detector side. On the spin flipper side, the field is
always larger than Bmin

abs = 418.2 mT, on the detector side we find Babs ≥ 771.8 mT, where
the analysis was constrained to the region within the storage octupole, i.e. z ≥ 570 mm and
z ≤ 1950 mm, respectively. The nominal trapping region is limited in longitudinal direction
by the positions where B0(z) = Bmin

oct = 780 mT, which is the case at z = 677 mm on the
spin flipper side and z = 1865 mm on the detector side. The fringe field of the storage
octupole does therefore not reach into the trap and we can conclude, that B � 0 mT is
fulfilled in the entire trap.

In order to estimate the influence of the field gradients on non-adiabaticity, we assume
a neutron at velocity v on a circular orbit in the x− y plane (z constant) at radius r and
ignore the longitudinal field B0 for now. Within one closed orbit, the total field B - now
consisting only of the storage octupole field - then turns between the radial (B = Br) and
the angular direction (B = Bϕ) 16 times, each corresponding to a rotation by an angle
∆θ = 90◦. This is shown in the middle of Fig. 5.15 in (a). The velocity of the field change
is then given by

θ̇ = ∆θ · v
l

(5.9)

with l the track length of one turn. If we include the B0 field, the neutron still experiences
a change in the field orientation, however, ∆θ reduces accordingly as is shown in Fig. 5.15
in (b). The extreme case B0 � Boct leads to ∆θ ∼ 0◦.

Using θ̇ and the Larmor frequency of the neutron, ω0 = | − γB|, [SLK+17] introduces
a depolarisation time τdep as
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Figure 5.15: Magnetic field change seen by a neutron on a circular orbit. Left: A neutron
(geen) flies on a closed orbit at radius r (orange) in the x− y plane of the
storage octupole. Within a full rotation of the neutron the octupole field
turns 16 times. Middle: The change in orientation of the total field before
(B′) and after (B′′) a single turn of the octupole field without (a) and with
the longitudinal B0 field (b). In the first case ∆θ = 90◦ and in the second
∆θ < 90◦ depending on the amplitude of B0. Right: The depolarisation
time τdep as calculated from Eq. 5.11 depending on the orbit radius; in all
cases the maximum velocity for a storable neutron was used. The minimum
is found at τdep(r = 27.9 mm) = 1.13 × 109 s � τn, so that depolarisation
by non-adiabatic spin flips can be excluded in τSPECT.

1

τdep
=

1

ts

n∑
i=1

θ̇2

4ω2
0

(5.10)

with n the number of turns the neutron encountered on a given orbit during the total
storage time ts (the variable names are adapted to match the notation used in this work).

To calculate an example, we assume a neutron on a closed orbit at r = 30 mm and z =
1056 mm, where B0(z) = Bmin

0 = 196.6 mT. Here we find Boct = 134.5 mm (cf. Eq. A.17),
resulting in a total magnetic field of B = 238.2 mT. As the total energy of the neutron in
the trap must fulfil Ekin+ |µn|B ≤ 47 neV (gravity is neglected here for simplicity), we find
the maximum allowed neutron velocity as vmax = 2.5 m/s. Using the dot product of the two
vectors containing the field components before and after each turn of the octupole field, the
rotation angle is calculated as ∆θ = 47.1◦ and with l = 30 mm · 2π/16 = 11.8 mm we end
up with θ̇ = 174.2 rad/s. The Larmor frequency is given by ω0 = 4.364×107 rad/s and the
number of turns encountered in a storage time of ts = 880 s by n = vmax ·ts/l = 1.864×105.
Simplifying Eq. 5.10 and putting in the numbers results in a depolarisation time of

τdep =
ts
n

4ω2
0

θ̇2
= 1.18× 109 s. (5.11)

This calculation was repeated for different radii within the storage octupole, the result
is shown on the right side of Fig. 5.15. The strong increase in τdep at small radii is caused
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by Boct � B0 and thus ∆θ ∼ 0◦ and that at large radii by vmax ∼ 0 m/s as otherwise
the neutron’s total energy would exceed the trap potential. In all cases τdep � τn, so that
non-adiabatic spin flips can be excluded in τSPECT, which, however, needs to be proven
in a separate simulation as well.

Consequently, the only remaining loss mechanism is the escape of marginally trapped
neutrons, i.e. neutrons with kinetic energies (slightly) higher than the trap potential,
Ekin & Vpot (cf. Ch. 2.2.4). As long as these neutrons fly under such angles, that their
velocity component v⊥ normal to the magnetic field potential is small resulting in E⊥ =
1/2mnv

2
⊥ . Vtrap, they are reflected and can thus be quasi-trapped on a time scale of

tens to hundreds of seconds until they eventually escape. In an attempt to eliminate this
loss channel, the UCN spectrum in the trap must be cleaned and the marginally trapped
neutrons removed before the actual storage time begins.

5.3.1 Optimisation of the cleaning process

In the cleaning process, the detector is moved to the cleaning position zclean in the fringe
region of the trap where B0(zclean) ' Boct, where it remains for a cleaning duration ∆tclean.
Neutrons which fly under such angles that E⊥ & Vpot(zclean) ≈ 47 neV can reach the
detector, are absorbed at the 10B layer and thus counted and removed from the trap.
Neutrons with lower energies do not arrive at the detector and remain in the trap, so that
the magnetic field potential at the cleaning position is equal to a cut-off energy up to which
the trap is filled with neutrons. After cleaning is finished, the detector is moved back to
the storage position and the storage time begins (cf. Chs. 3.1.1 and 3.5 for the procedure
in a schematic view and the slow control structure).

During cleaning, one attempts to extract also those neutrons with Ekin ∼ E⊥ & 47 neV,
however, such neutrons require close to perpendicular trajectories relative to the magnetic
field in order to be able to reach the detector. This means that the more chaotic the
particle trajectories are the higher is the probability for large incident angles, and thus the
shorter is the duration required to clean all marginally trapped neutrons from the trap.
In contrast, at more orderly trajectories the required cleaning duration increases until in
the extreme case of closed orbits the neutrons take infinitely long to reach the detector,
so that they cannot be cleaned at all. In total, the cleaning process in τSPECT therefore
depends on two parameters:

1. The cleaning duration: It must be long enough so that the detector is not moved back
to the storage position before all marginally trapped neutrons have been removed.

2. The cleaning position: In order to include an energetic safety margin, the cut-off
energy must be below the actual trap potential of Vpot = 47 neV, otherwise small
energy changes of the stored neutrons (e.g. through microphonic heating by vibra-
tions of the magnetic field) can lead to remaining time-dependent losses. On the
other hand, the cut-off energy should be as large as possible, so that the number of
storable neutrons reaching the detector as well is not reduced more than necessary,
as this would be counterproductive with respect to statistical sensitivity.

Starting with an optimisation of the cleaning position, we first have to find the position
of the storage volume edge in τSPECT, which can in principle be calculated from the
simulated B0 field (the position is then found where B0(z) = Bmin

oct = 780 mT, which is
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Figure 5.16: Dependency of the average number of detected neutrons on the detector
counting position (blue squares, referring to the left axis). The data was
obtained in beamtime Nov2019 and is normalised to the average pulse en-
ergy. The B0 field at Imain= 33 A is shown in red for reference (right axis),
the green shaded region marks the storage volume limited by the position,
where B0(1865 mm) = Bmin

oct = 780 mT. Starting on the right, the detected
number of neutrons increases as soon as the counting position reaches the
storage volume and saturates from zcount = 1810 mm on, where all neu-
trons in the trap are counted. The vertical black dashed lines refer to the
cleaning positions used during the optimisation process (zclean,1 = 1844 mm,
zclean,2 = 1854 mm and zclean,3 = 1864 mm).

the case at z = 1865 mm, cf. Fig. 3.2). However, a direct measurement with UCN leads
to more reliable results, so that the dependency of the number of detectable neutrons
on the counting position zcount was measured in beamtime Nov2019 using 200 s storage
measurements.

The results12 are shown in Fig. 5.16, B0 is given at Imain= 33 A in the region of the
detector, the green shaded box marks the position of the storage volume with the height
equal to Bmin

oct . Seen from the right, N is compatible with zero counts up to zcount =
1880 mm, which means, that at those counting positions, the magnetic field is too high for
any stored neutron to reach the 10B layer. At counting positions further inside the trap,
N increases up to a saturation from zcount = 1810 mm onwards. The edge of the storage
volume is thus found in the region between zcount = 1810 mm and 1880 mm, so that the
cleaning position must be located somewhere here as well.

Three cleaning positions were investigated so far (zclean,1 = 1844 mm, zclean,2 = 1854 mm
and zclean,3 = 1864 mm), which are shown by the vertical dashed lines in Fig. 5.16. Further-

12During the beamtime, the birdcage resonator was installed, so that with the spin flip position restricted
to zSF = 879 mm the counting statistics is rather low. The principle dependency on the the counting
position is, however, not afflicted.
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more, the cleaning duration was varied between ∆tclean = 20 s, 30 s and 40 s, each starting
at tclean = 16 s relative to the trigger executing the reactor pulse (cf. Ch. 3.5), so that the
cleaned neutrons, which appear in the detector data as additional peak (’cleaning peak’),
are well separatable from the faster, not storable neutrons arriving directly after the reac-
tor pulse (cf. Fig. 3.27). The cleaning intervals are depicted in Fig. 5.17 with respect to an
arrival spectrum with and without cleaning (the cleaning position was zclean,2 = 1854 mm).

In order to find the optimum combination of cleaning duration and position, storage
curves were measured in beamtime June2020 at optimised spin flipper parameters (cf.
Tab. 5.4). An example with all three cleaning positions at ∆tclean = 30 s is shown in
Fig. 5.18. The data points are background subtracted with the background error included
in the error bars and normalised to the pulse energy. The solid and dashed lines correspond
to a single and a double exponential fit to the results of zclean,2, respectively (cf. Eq. 5.7,
for the single exponential fit only the first term is used). The fit parameters, also for the
remaining positions, are listed in Tab. 5.6. The same procedure with ∆tclean = 20 s and
40 s is shown in Fig. B.8 for completeness with the fit parameters in Tabs. B.3 and B.4
leading to no improved results, so that we focus on ∆tclean = 30 s here.

In τSPECT, a good cleaning procedure is characterised by a large a1, so that the fraction
of permanently storable UCN which are removed in the process as well is small, and a long
τ1 (in the ideal case, τ1 = τn). First of all, we see from the errors in the fit parameters, that
in all three cases the double exponential fit does not give reasonable results. Furthermore,
the values of τ1 are comparable to τ2 = 713.1(46.9) s from the storage curve without
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single exponential fit to the results at zclean,2, the dashed line to a double
exponential fit to the same data. The fit parameters are listed in Tab. 5.6.

cleaning (cf. Tab. 5.5). We can therefore draw the first conclusion, that the cleaning
procedure definitely removed marginally trapped neutrons, which were responsible for the
short decay time in the measurement without cleaning. Apart from that, an analysis of
which position is superior to the others is difficult, because due to the limited statistics
and the large error bars (especially in the decay constants), all measurement results are
more or less compatible. Extending the measurement duration was, however, not possible
within the beamtime, so that increased statistics still have to be gathered in the future.

Table 5.6: Fit results of single and double exponential functions (cf. Eq. 5.7) to the
storage curves measured at ∆tclean = 30 s at the cleaning positions zclean,1 =
1844 mm, zclean,2 = 1854 mm and zclean,3 = 1864 mm. The corresponding
measurement data is shown in Fig. 5.18.

zclean a1 τ1 a2 τ2 χ2/ndf

1844 mm 397.3(11.3) 708.4(54.0) s 1.16
1844 mm 324.2(1632.0) 495.4(1676.0) s 83.1(1654) 3252.8(1.3e5) s 1.29

1854 mm 449.1(8.3) 762.4(36.4) s 0.69
1854 mm 349.0(559.2) 472.4(585.2) s 115.4(570.5) 5201.6(8.4e4) s 0.49

1864 mm 403.2(14.2) 874.3(76.0) s 0.98
1864 mm 306.7(580.6) 465.6(815.3) s 116.1(597.7) 2.6e5(2.4e8) s 0.66
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In order to analyse, whether the length of the cleaning duration is in the right order of
magnitude, the data of the cleaned storage curve at zclean,2 and ∆tclean = 30 s was fitted
with a double exponential function (cf. Eq. 5.7) but this time fixing τ2 = 880 s ≈ τn. From
the fit parameters a1 = 68.4(18.2), a2 = 400.7(19.2) and τ1 = 160.7(123.1) s (χ2/ndf =
0.58) follows, that longer cleaning durations of ∆tclean ∼ 200 s are worth investigating as
well.

An additional difficulty in the cleaning procedure is the rather symmetric shape of the
trap due to the cylindrical storage octupole: This symmetry simplifies the formation of
closed or quasi-closed orbits of marginally trapped neutrons, which then occupy only a
small range in the longitudinal direction and which do not reach the detector within the
cleaning duration. This problem could be assessed, if the total experimental setup was
slightly tilted to break the symmetry of the trap. The neutrons would then be gravitation-
ally accelerated in the direction of the detector and either their energy would exceed the
magnetic potential and they would escape, or they could be cleaned from the trap.

In conclusion, a cleaning at a duration of ∆tclean = 30 s successfully removes as many
marginally trapped neutrons, that no obvious double exponential behaviour is visible any-
more. By the time of writing this work, however, an optimum still needs to be found.

5.3.2 Optimising the data normalisation

The determination of the neutron lifetime in τSPECT is a relative measurement (cf.
Ch. 3.6.4), which requires the initial number of neutrons N0(ts = 0 s) to be equal at
each measurement run. If this is the case, only statistical fluctuations have to be taken
into account when measuring at different storage times. However, additional fluctuations
e.g. in the UCN production can occur, which increase the error ∆τn of the neutron lifetime,
so that they have to be compensated for by normalising the measurements to a parameter,
which is subject to the same fluctuations.

The reactor power is directly connected to the thermal neutron flux Yth. The resulting
number of UCN emerging from the source, YUCN(EUCN), depends on Yth, but is influenced
by fluctuations f(EUCN, ...) caused by changes in the sD2 crystal, such as deformation
or varying temperatures upon heat load. Therefore, YUCN(EUCN, ...) = Yth · f(EUCN, ...).
One way to take these fluctuations into account is an in situ normalisation by counting
a fraction of the stored UCN after a certain storage time (t ∼ 100 s) and measuring the
storage curve with the remaining UCN in the trap [SKF+18].

This method was investigated in [Kah20] using material wall storage in a stainless steel
bottle (VF = 190 neV) and gave reasonable results. However, the counting statistics was
significantly higher due to the high trap potential, so that removing a fraction of the stored
UCN for normalisation was not a problem. As long as the counting statistics using magnetic
storage is still comparably low (which is the case by the time of writing this thesis),
a different normalisation method has to be found. The following three normalisation
methods are investigated, quantities called C correspond to the background subtracted
neutron counts in a given interval without normalisation, N refers to normalised data:

1. Normalisation to the reactor power and therefore Yth,

2. Normalisation to higher energy neutrons in the arrival spectrum Carrival, and
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3. Normalisation to the cleaned UCN.

In order to compare the different methods, identical 500 s storage measurements at
optimised spin flipper parameters (cf. Tab. 5.4) from beamtime June2020 are used with
cleaning at zclean,2 = 1854 mm and ∆tclean = 30 s. After background subtraction, the
neutrons in the counting interval Ccount are normalised to the cleaned UCN counts Cclean,
the neutron counts Carrival in an interval between 0 s and 2 s after the thermal peak13, and
the pulse energy Epulse. The results are multiplied by an average value of the normalisation
parameter for comparability reasons. In summary

Npulse =
Ccount

Epulse
Epulse (5.12a)

Narrival =
Ccount

Carrival
Carrival (5.12b)

Nclean =
Ccount

Cclean
Cclean (5.12c)

with statistical counting errors
√
C in all intervals as well as in the background counts, and

∆Epulse = 0.1 MWs ( [Hel21], the error of the pulse energy is a conservative estimation).
The total error is calculated using Gaussian error propagation. The normalised results of
the 500 s storage measurements are shown in Fig. 5.19, on the left with normalisation to
Epulse (cf. Eq. 5.12a), in the middle with normalisation to Carrival (cf. Eq. 5.12b) and
on the right with normalisation to Cclean (cf. Eq. 5.12c). It is slightly visible, that the
normalisation method influences the size of the error bars, them being smallest with a
normalisation to the pulse energy and largest using a normalisation to Cclean.

With a perfect normalisation method, the resulting fluctuations of the measurements
should be of statistical nature only, i.e. σN =

√
N . Any deviation from this relation

indicates, that the normalisation method does not fully compensate the non-statistical
fluctuations in the data, making it less suitable for a permanent usage in τSPECT. This
deviation is calculated as

r =

(
σN√
N
− 1

)
· 100 %, (5.13)

resulting in r(Epulse) = 5 %, r(Carrival) = 49 % and r(Cclean) = 43 %. The normalisation to
the higher energy neutron counts and the cleaned UCN are both unsuitable in the current
state, because they leave fluctuations of ∼ 45 % in addition to the statistical uncertainties.

The smallest deviation is found for a normalisation to the pulse energy, which is sur-
prising, because as this method is based on a measurement of the thermal neutron flux,
it is energetically furthest away from the UCN energies in τSPECT in comparison. The
order of magnitude of a remaining fluctuation after normalisation of O(1 %) as inferred
in [Kah20] is, however, roughly confirmed if we take into account the limited statistics
of only 9 measurements. Nevertheless, as soon as the relative statistical precision in the
measurement

13The interval could not be chosen at later times, because during some pulses the RF signal of the spin
flipper created noise in the detector data, which could not be filtered by the peakfinding algorithm (cf.
Ch. A.4.1)
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√
N

N
=

1√
N

(5.14)

improves to below a factor σN/N , the overall error is not purely statistically dominated
anymore. With a normalisation to the pulse energy, this is the case from N = 200 counts
onwards.

Therefore, with an improved counting statistics, the normalisation method needs to be
adapted, which requires further investigation of a better and independent normalisation
method: This can be done by preventing the spin flipper RF signal from coupling into the
detector data, so that later and longer time intervals are made available for a normalisation
to the higher energy neutrons. Other options would be an additional monitoring UCN
detector in the region of the beamline, or detection of the low-field seeking neutrons, which
are reflected from the high magnetic field peak during the filling process (cf. Ch. 3.1.1).
Depending on the counting statistics, the in situ normalisation discussed at the beginning
of this section could be considered as well.

However, with so far no improved normalisation method found, other arrival spectrum
intervals not available in many, and cleaning not included in most measurements, all results
in this work are normalised to the average pulse energy of the respective beamtime (cf.
Tab. B.2 for a list of the average pulse energies in the time frame of this work).
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Figure 5.19: Comparison of all 500 s storage measurements with identical parameters in
beamtime June2020 with normalisation to the reactor pulse energy (left),
higher energy neutrons from the arrival spectrum in the detector (middle)
and the cleaned UCN (right). The solid horizontal lines correspond to the
average value N of the distribution after normalisation, the coloured regions
mark the range within the standard deviation, N ± σN . The range with
purely statistical fluctuations

√
N lies within the black dash-dotted lines.

The deviation between σN and
√
N is calculated using Eq. 5.13 resulting in

r(Epulse) = 5 %, r(Carrival) = 49 % and r(Cclean) = 43 %.
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5.4 Status of the required measurement time for ∆τn = 1 s

After the upgrade from the birdcage resonator to the double saddle coil spin flipper and thus
the possibility to raise the energy acceptance in the trap, the initial number of neutrons
N0 after spectrum cleaning could be increased to ∼ 450 (the value is inferred from the
single exponential fit to the results at zclean = 1854 mm and ∆tclean = 30 s, cf. Tab. 5.6).
With this result, the required measurement duration T∆τ (cf. Ch. 3.6.4) until ∆τn = 1.0 s
is reached still calculates to roughly three years; here again assuming the ideal case of a
fully efficient use of each beamtime without taking downtimes into account. Realistically
achievable would be an overall measurement duration of rather one year, so that additional
methods have to be found to further increase the neutron density in the trap.

Several options to do this were already identified earlier in this chapter (cf. Ch. 5.2.3),
but the question remains, whether their combined effect on N0 is sufficient. Therefore,
additionally a modified filling technique was implemented and investigated, which is pre-
sented in the following chapter.
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Chapter 6

The Double Spin Flip Technique

The filling process as it was done so far (we now call it the single spin flip technique, sSF)
accelerates high-field seeking neutrons and decelerates them again until they reach the
spin flipper. Even though this method was proven to work successfully, it has at least two
downsides: 1) It does not decelerate the neutrons to the same extent as it accelerated them
in the beginning, always leaving them with an additional kinetic energy depending on the
spin flip position (cf. Ch. 4.2); and 2) With the energy acceptance ranging from 0 neV
to the filling position dependent upper limit of ∼ 20 neV, only the lowest fraction of the
incident UCN spectrum is useful for the storage in τSPECT. With the number of neutrons
in a given energy interval rising with E3/2 (this follows from integration of Eq. 4.19), thus
accessing a higher energy range of the spectrum and transforming this one to the storable
energy range could lead to an increase in the neutron density in τSPECT.

6.1 Energy considerations in the double spin flip technique

The idea is to start with higher energetic LFS neutrons and to decelerate them twice
by intermediately spin flipping them to the high-field seeking state1. This requires an
additional spin flipper in the high field region of B0, which is referred to as ’Spin Flipper
1’ (SF1); the spin flipper used so far is then ’Spin Flipper 2’ (SF2).

6.1.1 The energy acceptance in the double spin flip technique

We derive the energies involved for this double spin flip technique (dSF) by means of Fig. 6.1
similar to the considerations with the sSF technique. SF1 is located around zSF1 = 0 mm
where B0(33 A) = 1.020 T, resulting in a potential energy difference ∆Vmagn,0(zSF1) =
|µn|B0(zSF1) = 61.52 neV relative to Vmagn = 0 neV in front of the first magnetic field
peak. SF2 remains at its optimised position zSF2 = 980 mm with B0(33 A) = 0.207 T and
thus ∆Vmagn,0(zSF2) = |µn|B0(zSF2) = 12.48 neV. The total initial energy of a neutron in
front of the first magnetic field peak is

E0 = Ekin + Vmagn(B0(z)) = Ekin,0 (6.1)

with Vmagn(B0(z < 500 mm)) = 0 neV (cf. Fig. 6.1). A low-field seeking UCN is decelerated

1The idea to use this technique in τSPECT and first considerations were put up by Prof. W. Heil.
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Figure 6.1: Magnetic field potential difference in τSPECT relative to Vmagn = 0 neV
(B0 = 0 T) as seen by a HFS (black dashed line) and a LFS (black solid
line) at Imain= 33 A. An initial LFS is decelerated as the potential energy
rises (yellow line). At SF1, the neutron is converted to a HFS and ∆Vmagn,0
changes sign (from Pos. I to II). The HFS neutron is again decelerated and
at SF2 ∆Vmagn,0 changes sign again (from Pos. III to IV). In total, the
kinetic energy of the neutron is reduced by 110.56 neV at zSF2 = 980 mm,
the remaining magnetic potential energy after SF2 results in 12.48 neV.

due to the rising potential. At zSF1, immediately before the spin flip (Pos. I), the total
energy of the neutron is given by

E = Ekin,0 −∆Ekin(zSF1) + ∆Vmagn,0(zSF1)

= Ekin,0 − |µn|B0(zSF1) + |µn|B0(zSF1).
(6.2)

The spin flip (Pos. II) does not change the kinetic energy Ekin(zSF1), but with the
neutron now in the high-field seeking state, its total energy is

E = Ekin,0 − |µn|B0(zSF1)︸ ︷︷ ︸
Ekin(zSF1)

−|µn|B0(zSF1). (6.3)

On its way to SF2, the HFS is further decelerated, so that we can write for the kinetic
energy Ekin(zSF2) at the second spin flipper (Pos. III)

Ekin(zSF2)− |µn|B0(zSF1) + |µn|B0(zSF1)− |µn|B0(zSF2) = Ekin(zSF1)− |µn|B0(zSF1)

Ekin(zSF2) = Ekin,0 − 2|µn|B0(zSF1) + |µn|B0(zSF2),

(6.4)
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where the last line was obtained using Eq. 6.3. This yields Ekin(zSF2) = Ekin,0−110.56 neV
for |µn|B0(zSF1) = 61.52 neV and |µn|B0(zSF2) = 12.48 neV. Thus the initial kinetic
energy Ekin,0 of the neutron (LFS) is reduced by 110.56 neV until it reaches SF2 as HFS
after being spin flipped once. From this value, we can directly infer the lower limit of the
energy acceptance, because neutrons with Ekin,0 < 110.56 neV diffuse backwards before
reaching SF2.

For the upper limit, we have to add the magnetic potential at zSF2, |µn|B0(zSF2), and
include gravity the same way as was done in the considerations with the single spin flip
technique (cf. Ch. 4.2.2). The neutrons cannot enter the trap below the minimum height
between neutron guide and storage octupole, so that the minimum gravitational potential
Vgrav = s0 · 102.4 neV/m = 3.0 neV needs to be taken into account in any case. Including
additional entrance heights ∆s we can write the condition on storable energies in τSPECT
after the second spin flipper (Pos. IV) as

E = (Ekin,0 − 110.56 neV) + |µn|B0(zSF2) + (s0 + ∆s) · 102.4 neV/m ≤ 47 neV. (6.5)

Neutrons at a maximum initial kinetic energy are then storable only if ∆s = 0 mm, this
energy is Emax

kin,0 = 142.07 neV. In total, the energy acceptance using the double spin flip
technique is thus given as

∆Ekin,0 = [110.56 neV, 142.07 neV] . (6.6)

In order to compare this range to the energy acceptance deduced when using only SF2
alone, Ekin,0 = [0 neV, 18.9 neV] (cf. Eq. 5.1), we integrate the neutron density % ∼

√
E

(cf. Eq. 4.19) in the range of the energy acceptances of both filling techniques. Using
Eq. 4.25 and the weighting function w(E) in Eq. 4.23 to account for gravity, we find a
theoretical gain by a factor of

g =

∫ 110.56 neV
142.07 neV

√
E · w(E) dE∫ 18.9 neV

0 neV

√
E · w(E) dE

≈ 7.2. (6.7)

6.1.2 The problem with the beam divergence

The estimation above is only valid in a one-dimensional consideration: The B0 field is
oriented along the z-axis, which causes the Stern-Gerlach force to act only on the longi-
tudinal z-component of the neutron velocity2 vz. Taking a neutron beam, which is fully
parallel to the z-axis, the deceleration within the double spin flip technique is maximally
efficient. This is not the case anymore when we add transversal components of the neutron
momenta in the consideration as is shown on the basis of Fig. 6.2 (left).

The red line shows B0 at Imain= 33 A in the declining part of the first field hump. We
assume a neutron flying at velocity v and an angle θ relative to the z-axis. The velocity
can then be split into a longitudinal component vz = v cos (θ) and a transversal component
vt = v sin (θ). Converting from velocities to energies, we use E ∝ v2.

Assuming again an initial kinetic energy Ekin,0 (cf. Eq. 6.1), we can write the lon-
gitudinal energy component as Ez = Ekin,0 cos2(θ) and the transversal component as

2Strictly speaking, deceleration and acceleration by the Stern-Gerlach force due to the octupole field
happens as well. For simplicity, this is assumed to average out over the cross section of the neutron guide.
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Et = Ekin,0 sin2(θ). With the Stern-Gerlach force acting only on Ez, the energy after
the second spin flip (Pos. IV, cf. Fig. 6.1) is given as

E′z = Ez − 110.56 neV = Ekin,0 cos2(θ)− 110.56 neV and (6.8a)

E′t = Et = Ekin,0 sin2(θ). (6.8b)

From Eq. 6.8a follows, that for a finite θ, a minimum energy Emin
kin,0 ≥ 110.56 neV/ cos2(θ)

is required, because otherwise E′z turns negative and the neutron diffuses back before reach-
ing SF2. For example, a neutron at Ekin,0 = 125 neV flying at θ = 15◦ has a longitudinal
energy E′z = +6.1 neV after the second spin flip, whereas the same neutron flying at 20◦

would end up with E′z = −0.2 neV and therefore does not even reach SF2.
Assuming Ekin,0 ≥ Emin

kin,0, the total neutron energy after the second spin flip is given as

(Ekin,0 cos2(θ)− 110.56 neV) + Ekin,0 sin2(θ) = (Ekin,0 − 110.56 neV). (6.9)

The storable energy therefore does not depend on θ and using Eq. 6.5, we find that the
maximum energy remains at Emax

kin,0 = 142.07 neV. However, the kinematic acceptance of
incoming UCN is restricted to energies in a range

∆Ekinem.
kin,0 =

[
110.56 neV/ cos2(θ), 142.07 neV

]
. (6.10)

At the critical angle θc = 28.1◦ the minimum energy calculates as Emin
kin,0 = 142.07 neV =

Emax
kin,0, so that from here on the kinematic acceptance is zero.
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Figure 6.2: Influence of the neutron beam divergence θmax on the deceleration efficiency
εdecel(θ) using the double spin flip technique. Left: A neutron flying at
energy E and an angle θ relative to the z-axis with energy components
Ez = E cos2(θ) (blue) and Et = E sin2(θ) (yellow). The deceleration by the
Stern-Gerlach force acts only upon Ez(θ), leaving Et(θ) unchanged, which
decreases the kinematic acceptance (cf. Eq. 6.10). Right: Deceleration ef-
ficiency εdecel(θ) calculated using Eq. 6.12. The angle θ = 0◦ refers to an
entirely parallel neutron beam, here maximum deceleration occurs. At the
critical angle θc = 28.1◦ (red dashed line) the kinematic acceptance becomes
zero, neutrons flying at larger angles cannot be stored in any case.
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In the following, we will quantify the efficiency of the deceleration depending on the
beam divergence θmax, i.e. the maximum angle of neutron trajectories occurring in the
beam, so that−θmax ≤ θ ≤ θmax. Therefore, we use again a

√
E-behaviour of the UCN den-

sity (cf. Eq. 4.19) and integrate over the kinematic acceptance between 110.56 neV/ cos2(θ)
and 142.07 neV. The resulting number of neutrons n(θ) is then weighted by sin(θ)dθ and
integrated over the solid angle according to

Y (θmax) =

∫ 2π
0

∫ θmax
0 n(θ) sin(θ) dθdϕ∫ 2π

0

∫ θmax
0 sin(θ) dθdϕ

, (6.11)

with the storable UCN yield Y (θmax). The deceleration efficiency is obtained after division
by the result for a neutron beam at θmax = 0◦ (i.e. the ideal situation of a parallel incoming
beam) as

εdecel(θmax) =
Y (θmax)

Y (θmax = 0◦)
. (6.12)

Fig. 6.2 (right) shows the dependency of εdecel on θmax up to θmax = 45◦. The critical
angle θc, from which on the kinematic acceptance is empty, is marked by red dashed line.
However, we find εdecel > 0 also for θmax ≥ θc because those neutrons in the beam with
smaller flight angles (θ < θc) still contribute to a non-vanishing UCN yield Y (θmax).

Nevertheless, with εdecel depending on θmax and the double spin flip technique relying
strongly on the deceleration of UCN, we have to take εdecel into account when comparing
the filling techniques regarding any expected gain (cf. Eq. 6.7). This applies all the more
so, if we consider, that with the single spin flip technique initial high-field seeking neutrons
experience a net acceleration by |µn|B0(zSF2) = 12.48 neV (cf. Ch. 4.2.1) on their way to
SF2. Due to this boost in longitudinal direction, the divergence (and consequently back
diffusion) of the incident UCN beam even decreases as opposed to the double spin flip
technique, and the transmission improves.

The calculation of εdecel as it was done so far can be a rough guide for estimations with
the double spin flip technique, however, neither transversal fields nor gravity were taken
into account yet. Therefore, the influence of the beam divergence on the filling efficiency
is investigated additionally using the Monte Carlo simulation described in Ch. A.5.

The energy distribution of simulated neutrons follows a
√
E-behaviour (cf. Eq. 4.19),

the starting positions in x−y direction are evenly distributed over the neutron guide cross
section and the initial flight angles are randomly chosen from a range [−θmax, θmax], with
θmax again the beam divergence. The simulation starts in front of B0, so that a direct
comparison between the single (sSF) and the double spin flip technique (dSF) is possible.
The spin flipper field amplitudes are set to B1 = 0.5 mT, only during the sSF simulation
SF1 is switched off. After passing SF2, the neutrons are analysed with respect to their
final energy and their spin state and storable low-field seeking neutrons are counted.

The fraction of storable neutrons NLFS with respect to the total number of simulated
neutrons N was calculated as nLFS = NLFS/N for both filling techniques. The result is
shown on the left side of Fig. 6.3 (left) as a function of the beam divergence θmax. While the
results of the single spin flip technique, nsSFLFS(θmax), are within errors roughly independent
of θmax, ndSFLFS(θmax) decreases significantly for larger beam divergences using the double
spin flip technique. From the ratio3

3In the previous calculations on εdecel only the deceleration by the Stern-Gerlach force was taken into
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Figure 6.3: Single and double spin flip technique in a Monte Carlo simulation and in-
ferred deceleration efficiency εdSF(θmax). Left: The fraction of storable neu-
trons nLFS yielded with the sSF (yellow) and the dSF technique (turquoise)
depending on the beam divergence θmax at the entrance of τSPECT. Since
the kinematic acceptance in Eq. 6.10 decreases with θmax, a significant re-
duction in ndSFLFS is visible. Right: The filling efficiency for the dSF technique
relative to an initially fully parallel UCN beam (θmax = 0◦), calculated as
ndSFLFS(θmax)/ndSFLFS(θmax = 0◦).

εdSF(θmax) =
ndSFLFS(θmax)

ndSFLFS(θmax = 0◦)
(6.13)

we can deduce, how the beam divergence influences the filling efficiency compared to a
parallel incoming UCN beam. The result is shown on the right side of Fig. 6.3. We find,
that the efficiency using the double spin flip technique as inferred from the Monte Carlo
simulation depends even stronger on the beam divergence than εdecel (cf. Fig. 6.2), which
takes only energy ranges into account. This confirms, that the beam divergence of the
incoming UCN beam must be as small as possible for the double spin flip technique to
work efficiently. In τSPECT, we can, however, not measure the beam divergence directly,
so that εdSF(θmax) remains an open parameter.

6.1.3 The optimum height for the double spin flip technique

The unknown beam divergence furthermore complicates the choice of an optimum height
for the operation of τSPECT. The neutrons exit the UCN source at a minimum energy of
E ' 105 neV due to the boost in longitudinal direction by the Fermi potential of the sD2

crystal (cf. Ch. A.1.1). Therefore, if τSPECT was operated at source level, no neutrons
would be found in the storable energy range between 0 neV and 18.9 neV it the single
spin flip technique was used (cf. Eq. 5.1). By guiding the UCN upwards after they exit

account, so that an isolated analysis with respect to θmax was possible. In the Monte Carlo simulation,
additional effects such as the spin flip efficiency itself, UCN transport through the guides and gravity are
included in the consideration, so that instead of a deceleration efficiency εdecel a more general ratio εdSF
is given.
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the source, they are gravitationally decelerated, so that the number of neutrons which
can be stored in the trap increases with height4. However, gravity acts - similarly to the
Stern-Gerlach force in the consideration before - only on the longitudinal component of the
neutron velocity (longitudinal in this case meaning the vertical direction aligned with the
direction of the force), leaving transversal components unchanged. With additional height
thus the beam divergence increases.

In [Kah20], the optimum height was found as h = 1.83 m in an independent measure-
ment using a test setup with an aluminum storage bottle (VF = 54 neV) at different heights.
However, as suitable neutron guides were not available to connect the UCN source to the
entrance of τSPECT, the nominal height was determined as h = 1.59 m. In this work, the
typical height of τSPECT is on average rather h = 1.50 m, which is because of multiple
reconstructions and the use of different shapes of the beamlines (cf. Ch. A.6).

Even though a direct height optimisation with τSPECT has not been done so far, the
results inferred from the test setup can be related to τSPECT, because the single spin flip
technique is largely insensitive to the beam divergence (cf. Fig. 6.3, left). This is not the
case when using the double spin flip technique: The goal is an incident UCN spectrum at
the entrance of τSPECT with the highest number of neutrons in the storable energy range
(cf. Eq. 6.6), low transmission losses and a low beam divergence to maximise the filling
efficiency. Those three aspects will not have their respective optimum at the same height,
so that an experimental optimisation of the operating height of τSPECT will be required.

6.2 Double spin flipping in practice

Now that we have discussed which energy range is storable in τSPECT using the double
spin flip technique, and how strongly this technique depends on the beam divergence, we
have a look at the experimental realisation and first measurement results.

6.2.1 Position constraints and design of the additional spin flipper

The new spin flipper is located in the high field plateau of B0, where according to Eq. 6.4
the largest deceleration occurs and therefore the highest gain is expected. This is, however,
also the range, where the moving flange of the spin flipper side translation stage is guided
by the rail system (cf. Fig. 3.9), which makes a fixed installation of SF1 in this region
difficult. Therefore, it is to be mounted within the stainless steel tube of the translation
stage (cf. Ch. 3.1.2) and is thus movable but installed in a fixed distance to SF2. Due
to the mechanical constraints by the translation stage, the possible locations of SF1 are
limited as shown in Fig. 6.4 (left). The B0 field is given at Imain= 33 A. The position of
SF1 (centre position) is decided to be zSF1 = 50 mm for the following reasons:

1. The position is in the maximum region of B0 and the edge of the storage octupole is
520 mm away, so that fringe field effects are negligible.

2. A small but well-defined longitudinal field gradient is required for spin flipping using
adiabatic fast passage (cf. Ch. 4.1). More specifically, the gradient must not have
a zero transition inside the spin flipping region as this would increase the chance of
hitting the resonance condition ωSF1 = ω0 twice, resulting in spin flips back to the

4This assumption is only valid in the low energy part of the UCN spectrum, where % ∼
√
E.
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initial state. The aSPECT experiment [BAGB+20], however, used two gradient coils
C3 and C5 in this region, which are located at zC3 = −118 mm and zC5 = 118.5 mm.
If connected in anti-Helmholtz configuration, they generate the well-defined gradient
we require for the spin flip. By variation of the currents in both coils individually,
the size of the gradient can be adjusted.

The effect of the additional coils on the total magnetic field and its gradient is shown on
the right side of Fig. 6.4 with Imain= 33 A in all cases and the currents IC3 and IC5 set to
[0, 0] A as well as [20,−10] A and [30,−10] A. Magnetic fields are shown by solid lines and
refer to the left axis, gradients are depicted as dashed lines on the right axis. As a target
gradient,∇zB0 ' −0.5 mT/cm was chosen, which is met at zSF1 = 50 mm for the respective
gradient coils current setting IC3= 20 A and IC5= −10 A (∇zB0(zSF1) = −0.48 mT/cm).
With a total magnetic field of 1.022 T in the centre of SF1, the required RF frequency
results in fSF1 = 29.799 MHz.

In order to mount SF1 within the translation stage, a section of the stainless steel tube
housing the quartz glass neutron guide was cut out on a length of 200 mm and replaced
by a holding construction5. A schematic drawing as well as the finished spin flipper and
the assembly within the tube are depicted in Fig. 6.5. The spin flipper is constructed and
controlled in the same way as SF2 (cf. Ch. 5.1). Given the larger diameter of the quartz

5An identical stainless steel tube was used, replacing the original one for later reusability.
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Figure 6.4: Positioning of SF1 and configuration of ∇zB0. Left: SF1 is to be mounted
within the translation stage in a fixed distance to SF2 and in the high field
region of B0 (red line). The mechanical constraints allow for two regions (I
and II, marked by the grey shaded regions), in which SF1 can be positioned.
The black line shows the optimum position of SF2 at zSF2 = 980 mm. Right:
The magnetic field at Imain= 33 A in region I without (blue) and with the
gradient coils C3 and C5 at different currents (red and yellow). Solid lines
correspond to the magnetic field (left axis), dashed lines to the respective
field gradients (right axis). The target gradient of ∇zB0 = −0.5 mT/cm is
achieved at IC3= 20 A and IC3= −10 A without further optimisation. The
chosen position of the SF1 coils lies within region I with the SF1 centre at
zSF1 = 50 mm. This results in a fixed distance to SF2 (centre) of 930 mm.
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Figure 6.5: The setup of SF1. Left: Cut view of the CAD model, middle: The inner part
of the construction, and right: The finished spin flipper prior to installation in
τSPECT. The two saddle coils (1) and (2) are wound on a holder made from
POM (3) and are surrounded by a copper shield (4). The setup is mounted
within the modified stainless steel tube of the translation stage housing the
neutron guide (quartz tube , not shown). A stainless steel cylinder (5) ensures
a rigid connection of the two pipe sections of the translation stage. In the
(longitudinal) centre of the saddle coils, two pick-up coils (6) are installed
for functionality checks. A Hall probe (position shown at 7) is added for
magnetic field measurements.

tube compared to the narrowed tube at SF26, the dimensions of the individual saddle coils
are d/2 = 46 mm, φ = 120◦ and l = 80 mm. With again a longitudinal displacement of the
saddle coils by 10 mm (cf. Ch. 5.1), the effective length of SF1 is leff = 70 mm. The coils
are wound on a cylindrical holder made from polyoxymethylene (POM), a grounded RF
shield made from copper is used to retain the B1 field inside. Both the SF1 holding tube
and the RF shield are fixed only on one side, the other one flexibly mounted to reduce
material stress during cool down. Finally, a 3 mm thick stainless steel cylinder connects the
two ends of the cut tube of the translation stage. Longitudinal slits are added around its
circumference for vacuum pumping purposes. Two pick-up coils are used for functionality
checks during operation. A 1-axis Hall probe allows for measurements of the magnetic
field in the longitudinal direction around SF1; it is located at rHP, SF1 = 50 ± 2 mm and
∆zHP, SF1 = 88± 1 mm from the spin flipper centre.

6.2.2 Optimisation of the SF1 parameters

The double spin flip technique was implemented and tested for the first time in beamtime
Dec2020. All measurements presented in this context refer to the UCN counts N after 50 s
storage time, normalised to the average pulse energy.

In order to have the full spin flip efficiency with SF2, it was set to the optimum pa-
rameters listed in Tab. 5.4, the timing of the RF pulse was set to tfill(SF2) = 2 s after
pulse and a duration of ∆tfill(SF2) = 4 s (cf. Ch. 3.6.3). Two different heights of τSPECT

6The outer diameter of the quartz tube is d = 79 mm as compared to the outer diameter of the narrowed
guide of d = 56 mm (cf. Ch. 3.1.2).
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above source level were investigated, h1 = 0.814 m and h2 = 1.557 m using beamline No.
3 for easy height adaptions (cf. Ch. A.6). Due to time restrictions7, however, detailed
characterisation and optimisation measurements with respect to the SF1 parameters were
not possible. Instead, we took steps to increase N as much as possible in the short time
available. These steps included a variation of the signal phase shift ∆ϕ(SF1) and the
RF power PSF1 at SF1, a position optimisation and two different combinations of the RF
timing.

The number of neutrons depending on the SF1 efficiency: In order to understand
how to interpret the measurement results from this optimisation, we first recapitulate, what
happens if we switch on SF1, especially if it does not operate at full efficiency. For this
purpose, we focus on the RF power at SF1, as

√
P ∝ B1 and the efficiency εSF1 scaling

with B1 (cf. Eq. 5.3 and Ch. 4.1.2). The dependencies on ∆ϕ(SF1) and the spin flip
position can be deduced from these findings afterwards. We assume SF2 operating in full
saturation (PSF2 ≥ 50 W, Fig. 5.6) and the timing of both spin flippers at equal onset and
duration.

1. At PSF1 = 0 W SF1 is effectively switched off and the trap is filled by spin flipping
high-field seeking UCN to low-field seekers using SF2 alone with the single spin flip
technique. We call the number of neutrons in the trap therefore N = NsSF.

2. If PSF1 = Psat high enough such that SF1 is fully efficient, the trap is filled using
only the double spin flip technique, which means UCN being spin flipped from LFS
to HFS at SF1 and back to LFS at SF2. Increasing PSF1 further then does not lead
to a further increase in NdSF and a saturation behaviour is reached.

3. If PSF1 is raised from PSF1 = 0 W onwards, the probability of spin flipping neutrons
at SF1 rises, so that the number of neutrons filled into the trap using the double
spin flip technique increases and we can write NdSF = NdSF(PSF1). At the same time
NsSF decreases, which is because at SF1 some of the HFS are spin flipped to LFS. At
SF2 these neutrons have then been accelerated in total to Ekin(zSF2) ≥ 110.56 neV
(cf. Eq. 6.4 at opposite signs in the magnetic contribution), so that even if they were
not spin flipped again (in this case this would be back to unstorable HFS), their
energy would be too high to be stored in the trap. Therefore, NsSF = NsSF(PSF1)
depends on the RF power at SF1 as well. In the regime 0 W < PSF1 < Psat the trap
is therefore filled with both spin flip techniques at different fractions, depending on
the RF power of SF1.

4. Some neutrons independent of the filling process, NSF_off, are detected after the
storage time of ts = 50 s in any case.

Summarising these findings in one equation, we can write the number of neutrons in
the trap depending on the RF power at SF1 as

N(PSF1) = N sat
dSF

1− exp

−PSF1
P SF1

1/e

+N sat
sSF

exp

−PSF1
P SF2

1/e

+NSF_off. (6.14)

7Only two half-days of one-shift beamtime was available per measured height, which corresponds to
roughly 15 pulses each.
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Here, P1/e is the respective characteristic RF power at which 1/e of the saturation is
reached, and N sat is the neutron counts which would be measured at the respective filling
technique in saturation.

At SF1 both HFS and LFS can be spin flipped, however, potentially at different efficien-
cies, because εSF1 depends on the UCN velocity v (cf. Eq. 4.12). If we consider the energy
acceptance for the single and the double spin flip technique (∆EsSF

kin,0 = [0 neV, 18.9 neV]

and ∆EdSF
kin,0 = [110.56 neV, 142.07 neV], cf. Eqs. 5.1 and 6.6), we find that at SF1 the HFS

used in the first case have been accelerated to ∆EsSF
kin (zSF1) = [61.52 neV, 80.42 neV], and

the LFS in the second case have been decelerated to ∆EdSF
kin (zSF1) = [49.04 neV, 80.55 neV].

We may therefore assume, that the probability of spin flipping a neutron of either category
is approximately equal, so that the change in NsSF when increasing PSF1 should be similar
to the change in NdSF. We can then write P SF1

1/e ' P SF2
1/e = P1/e and simplify Eq. 6.14 to

N(PSF1) = N sat
dSF +NSF_off −

(
N sat

dSF −N sat
sSF
)

exp

[
−PSF1
P1/e

]
. (6.15)

All in all, if we now vary the settings of SF1, we have to keep in mind that we measure
only the result of a combination of both filling techniques, which complicates the isolated
analysis of individual parameters.

The signal phase shift ∆ϕ The dependency of the filling process on the signal phase
shift ∆ϕ(SF1) was characterised at both heights. The results are shown in Fig. 6.6, the
left side referring to h1 and the right side to h2, both measured at PSF1 = 80 W and at the
filling position8 zSF2 = 980 mm. The RF timing configuration at SF1 was set equal to that
of SF2 (tfill(SF1) = 2 s and ∆tfill(SF1) = 4 s). It turned out, that this configuration is not
optimal, because UCN at the upper limit of the kinematic acceptance (cf. Eq. 6.10) can
reach SF1 before it is switched on. This problem is discussed in more detail in Ch. 6.2.2.

Due to time constraints, a variation of ∆ϕ(SF1) at h1 was only possible in a small
range, where no significant dependency was visible. Also at h2 the results at σ+ and π
polarisation are comparable within errors, except for the increase at ∆ϕ(SF1) ' 180◦. One
possible explanation for this constant level would be that SF1 was in saturation and also
the reduced effective B1 amplitude at the non-optimal phase shift was still sufficient for full
spin flip efficiency (cf. Ch. 5.1.1.2); this is, however, unlikely as will be shown in Ch. 6.2.2.
Presumably, the effective B1 amplitude of SF1 rather changed such, that the respective
fractions of neutrons filled with the single or the double spin flip technique balance out, so
that the total number of UCN in the trap remained constant.

The decline in N at ∆ϕ(SF1) = 270◦ indicates, that here the wrong (’off-resonant’) σ−

polarisation is found (cf. Ch. 4.1.1.1), where effectively no spin flip at SF1 is possible and
the trap is filled only by the single spin flip technique. Compared to the considerations in
Ch. 6.2.2 this has the same effect as setting PSF1 = 0 W. Indeed, when we switched off
SF1 on purpose to compare the single and the double spin flip technique (cf. Ch. 6.2.3) a
comparable average number of N = 657(20) neutrons9 was measured (cf. Tab. 6.2).

8The position of SF1 is implied by the fixed distance of 930 mm with respect to SF2. With zSF2
determining the energy acceptance more significantly, we mainly refer to this quantity.

9The difference to the N ' 780 neutrons in beamtime Feb2020 is at the time of writing attributed to
a HD-contamination of the D2 gas within the UCN source (cf. Ch. A.1).
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Figure 6.6: Phase optimisation at SF1 with the double spin flip technique in use at two
different heights: h1 (left) and h2 (right). The position of SF1 was zSF2 =
980 mm (zSF1 = 50 mm) and the applied RF power was PSF1 = 80 W. The
RF timing of SF1 for both heights was set to equal values as SF2 (tfill = 2 s
and ∆tfill = 4 s). A variation of the phase at h1 was possible only in a small
range due to time restrictions. At h2 the results at σ+ and π polarisation are
roughly comparable, with exception of the increase in N at ∆ϕ(SF1) ' 180◦,
which cannot be explained yet. The decrease at ∆ϕ(SF1) = 270◦ results from
the ’off-resonant’ σ− polarisation, so that effectively only SF2 fills the trap
using the single spin flip technique.

Only the increase in N at ∆ϕ(SF1) ' 180◦ can so far not be explained, though it may
be possible that here the combination of all parameters of SF1 lead to an improved filling
efficiency.

Timing optimisation of the double spin flip technique So far, both spin flippers
are switched on tfill = 2 s after pulse. However, if we consider the upper limit of the
energy acceptance Emax

kin,0 = 142.07 neV (cf. Eq. 6.6), which corresponds to velocities of
v ' 5.2 m/s, we find, that the fastest neutrons storable with the double spin flip technique
can reach SF1 from t = 0.9 s after the reactor pulse onwards. Here, the length of the
beamline is estimated as ∼ 4.5 m at h1 and a direct flight path of the neutrons is assumed.
If SF1 is not yet active when these neutrons arrive, they are excluded from the filling
process.

Therefore, the timing was improved (’optimised’) and both spin flippers were switched
on directly at the pulse trigger (tfill = 0 s) as is shown in Fig. 6.7 (left). Furthermore, as
the goal was to maximise N in the limited amount of time, we changed the spin flipper
duration to ∆tSF1fill = 5 s and ∆tSF2fill = 6 s, i.e. SF2 remained switched on for one second
longer than SF1. The single spin flip technique requires UCN at lower energies, which
reach SF2 later than those needed for the double spin flip technique. Therefore, during
the first five seconds after pulse the trap is filled using the double spin flip technique (or
if SF1 is not fully efficient at least with both single and double spin flip technique), while
during the additional second afterwards SF2 alone adds neutrons in the energy range up
to Emax

kin,0 = 18.9 neV (cf. Eq. 4.20) on top.
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Figure 6.7: Timing optimisation using the double spin flip technique. Left: Arrival spec-
trum with neutron count rate RN relative to the thermal peak at t0 (blue
line), binning: 0.1 s. The coloured boxes mark the time during which the spin
flippers are active at unoptimised (top) and optimised timing configuration
(bottom); green referring to SF1, red to SF2. Right: Number of neutrons
after ts = 50 s measured at h1 using the unoptimised and the optimised
timing of the spin flippers. Shown are average and standard deviation of n
measurements (n = 4 at unoptimised timing, n = 2 at optimised timing).
An increase by ∼ 12(6) % is visible with the optimised spin flipper timing
configuration.

The different timings are summarised again in Tab. 6.1, their effect on the number of
neutrons in the trap was investigated, however, only at h1 so far. The result10 is shown
on the right side of Fig. 6.7, an increase by ∼ 12(6) % was achieved with the optimised
timing.

This measurement confirms, that a deliberate combination of the two filling techniques
improves the number of neutrons in the trap, so that further investigations should be done,
especially at h2 at which τSPECT is typically operating.

10The data point labeled ’unoptimised’ is the average and the standard deviation of all results from the
phase dependency measurement at h1 (cf. Fig. 6.6, left).

Table 6.1: Timing of spin flippers 1 and 2 used with the double spin flip technique in
beamtime Dec2020 as onset tfill and duration ∆tfill. SF2 at the optimised
timing is on for one second longer, during which the trap is additionally filled
using the single spin flip technique alone.

Timing tSF1fill ∆tSF1fill tSF2fill ∆tSF2fill

’unoptimised’ 2 s 4 s 2 s 4 s
’optimised’ 0 s 5 s 0 s 6 s
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The dependency on the spin flip position Both spin flippers only work efficiently,
if they are placed at the right position in the B0 field, so that the respective resonance
condition 2πfSF = ω0 (cf. Eq. 4.6) is fulfilled. Similar to the measurements discussed in
Ch. 5.1.1.2, the spin flip position was varied and the effect on N investigated after filling the
trap with the double spin flip technique. SF2 was again operated at optimum parameters
(cf. Tab. 5.4), ∆ϕ(SF1) was set to the measured optimum at each height11 (cf. Fig. 6.6)
and PSF1 = 80 W. The RF frequency of both spin flippers was kept constant during the
entire measurement. The measurement results are shown on the left side of Fig. 6.8. At
h1 the optimised timing configuration of the spin flippers was used (cf. Tab. 6.1), while
the measurements at h2 were still done at unoptimised timing. This is not ideal for direct
comparisons between the heights, however, finding an optimum within one height should
be possible nonetheless.

With the fixed distance between the two spin flippers, a position optimisation of SF1
was only possible within the optimum plateau in the position dependency of SF2, which is
between zSF2 = 970 mm and 1000 mm (cf. Fig. B.7). At h2 we find the optimum confirmed
at zSF2 = 980 mm, since the result at zSF2 = 970 mm is at best on a comparable level. A
similar behaviour was expected at h1, so that here we skipped measuring at zSF2 = 970 mm

11This is ∆ϕ(SF1, h1) = 148◦ at h1 and ∆ϕ(SF1, h2) = 170◦ at h2.
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Figure 6.8: Optimisation of the filling position and the RF power of SF1 using the double
spin flip technique. Left: Dependency of N after ts = 50 s on the filling
position at h1 (�) and h2 (N), given in terms of zSF2 due to the fixed distance
between the spin flippers. Both measurement series were done at optimum
SF2 parameters and PSF1 = 80 W. h1 was measured at optimised timing of
the spin flippers, h2 at unoptimised timing. The calculated optimum position
at zSF2 = 980 mm (zSF1 = 50 mm), is confirmed at h2. At h1 no data was
taken at zSF2 < 980 mm due to time constraints. Right: Dependency of N on
the RF power at SF1 (•) measured at h1 and zSF2 = 980 mm (zSF1 = 50 mm)
using optimised timing of the spin flippers. The turquoise line is a saturation
fit according to Eq. 6.16. The measurement marked as (×) is not included
in the fit. Despite the low statistics, it is estimated, that neutron saturation
of the trap is not reached yet at PSF1 = 80 W.
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due to time constraints. From the fixed distance of ∆z = 930 mm between the two spin
flippers follows the optimum position of SF1 at zSF1 = 50 mm, which confirms the design
position in Ch. 6.2.1.

The dependency on the RF power The number of neutrons in the trap depends
on the RF power used with SF1 as was discussed in the introduction of this section (cf.
Ch. 6.2.2). In order to investigate, whether saturation of the trap was reached at PSF1
already, the RF power was decreased as is shown on the right side of Fig. 6.8. The
measurement was done only at h1 and at optimised timing. This is again not ideal if we
are interested in the saturated number of neutrons achievable with using only the double
spin flip technique. However, those neutrons that are filled into the trap using the single
spin flip technique after SF1 has been switched off are independent of the RF power, so
that they appear only in an additional offset.

Despite the limited statistics, a significant decrease in N with a reduction of PSF1 is
visible. Even though Eq. 6.15 can be used to describe the general dependency of N on PSF1,
its parameters N sat

sSF and N sat
dSF as well as NSF_off are independent of PSF1, so that they

cannot be distinguished when applying a corresponding fit to the measurement results.
Therefore, we simplify Eq. 6.15 further and receive

N(PSF1) = a− b
(

exp

[
− P

P1/e

])
, (6.16)

which results in the fit parameters a = N sat
dSF +NSF_off = 591.3(171.1), b = N sat

dSF−N sat
sSF =

440.4(162.9) and P1/e = 78.4(51.1) W (χ2/ndf = 0.81).
In Ch. 5.1.1.2, we found that when using the single spin flip technique saturation is

reached with SF2 from PSF2 ' 50 W onwards (cf. Fig. 5.6). This does not seem to be the
case with the double spin flip technique so far, which might be the result of a lower spin
flip efficiency εSF1 as compared to εSF2. From Eq. 4.12 follows, that the spin flip efficiency
depends in principle on three parameters:

1. The longitudinal gradient ∇zB0: We find ∇zB0(zSF1) = −0.5 mT/cm at SF1 and
∇zB0(zSF2) = −3.6 mT/cm at SF2. With the spin flip efficiency generally improving
with decreasing gradients, we can exclude the gradients as a reason for a low εSF1.

2. The neutron velocity v: Between SF1 and SF2, neutrons used with either single
or double spin flip technique are in the high-field seeking state, so that they are
decelerated on the way to SF2. Consequently, the UCN velocity is higher at SF1 as
compared to SF2, resulting in a reduced εSF1.

3. The B1 amplitude: The current carrying wires of the SF1 saddle coils are located at
a larger radius (d/2 = 46 mm) than the ones of SF2 (d/2 = 31.5 mm), so that B1 at
the centre (r = 0 mm) is smaller at SF1 than at SF2 (assuming equal power in both
cases12), which results in a reduced εSF1 as well.

12This is confirmed in a simulation with COMSOL Multiphysicsr, which resulted in BSF1
1 /BSF2

1 ∼ 0.6
(both fields evaluated at r = 0 mm). Using the relation

√
P ∝ B1 (cf. Eq. 5.3) we find that PSF1 '

(1/0.6)2PSF2 = 2.78PSF2 is required to reach equal B1 amplitudes in SF1 and SF2. With saturation at
SF2 reached at PSF2 = 50 W, this results in PSF1 = 138 W.
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In conclusion, arguments (2) and (3) can explain why SF1 does not operate in saturation
yet and in both cases a higher RF power helps to increase the spin flip efficiency. This makes
an even more thorough impedance matching of SF1 necessary in future measurements.

6.2.3 The filling techniques in comparison

In the introduction of this chapter (cf. Ch. 6.1) the theory behind the double spin flip
technique was discussed along with constraints regarding the UCN beam divergence. As
the beam divergence at the entrance of τSPECT could not be measured directly for an
estimation of the expected increasing factors between the single and the double spin flip
technique, comparison measurements of both techniques were done which are presented in
the following.

At heights h1 and h2, 50 s storage measurements were done and the spin flipper param-
eters were adjusted to the optimum values known so far: SF1 was set to zSF1 = 50 mm,
PSF1 = 80 W, and ∆ϕ(SF1) = 148◦ at h1 and ∆ϕ(SF1) = 170◦ at h2; SF2 was set to
zSF2 = 980 mm, PSF2 = 80 W, and ∆ϕ(SF2) = 90◦. In order to allow for a direct compar-
ison of the two filling techniques, both spin flippers were switched on tfill = 2 s after pulse
for a duration of ∆tfill = 4 s, corresponding to the unoptimised timing (cf. Tab. 6.1). The
measurement results are shown in Fig. 6.9 as the average value and the standard deviation
of all measurements done with the respective configuration. The results are also listed in
Tab. 6.2. The ratio r is calculated as N(dSF)/N(sSF). These values, however, include the
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Figure 6.9: Comparison between the single (#1) and the double spin flip technique (#2)
at heights h1 = 0.814 m (red) and h2 = 1.557 m (blue) using 50 s storage
measurements at optimised spin flipper parameters. In all measurements
the unoptimised timing configuration was used (tfill = 2 s and ∆tfill = 4 s).
The results and increasing factors between the two techniques are listed in
Tab. 6.2, after subtraction of NSF_off an estimated gain of 3.46(1.17) at h1

and 1.19(7) at h2 is achieved.
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Table 6.2: Results of the filling technique comparison measurement at h1 and h2. The
ratio r = N(dSF)/N(sSF) includes the filling process independent neutrons
NSF_off = 60± 8. They were subtracted from the results N before calculating
the ratio R (right column). With the possibly height dependent NSF_off not
measured at h1, the results are to be considered estimations.

Height N(sSF) N(dSF) r R (NSF_off subtracted)

h1 = 0.814 m 154.29± 23.35 385.90± 10.60 2.50(39) 3.46(1.17)
h2 = 1.557 m 656.88± 19.35 772.60± 23.11 1.18(5) 1.19(7)

filling process independent neutrons NSF_off, so that the average value of NSF_off = 60± 8
obtained in beamtime Feb2020 was subtracted from all results before calculating the ratio
R in the right column. Strictly speaking, NSF_off could be height dependent but was not
measured at h1 yet.

As we are interested in maximising the number of neutrons in the trap, we will focus
on h2 here. Experimentally, an increasing factor of R(h2) = 1.19(7) was realised when
switching from the single spin flip technique to the double spin flip technique. This is
certainly in large contrast to the theoretical prediction rtheo = 7.2 (cf. Eq. 6.7), nevertheless
this value was calculated using the storable energy ranges only without taking into account
further effects such as the beam divergence θmax (cf. Ch. 6.1.2) or the trap saturation.
However, the fact that an increase in N was measurable indicates, that the double spin
flip technique works in principle and now needs to be further optimised.

6.3 Future optimisation of the double spin flip technique

The measurements done with the double spin flip technique so far were intended as proof
of concept with only a rough parameter optimisation of SF1 done in the short amount of
time. This keeps several options open to improve the UCN density in τSPECT which are
presented in the following without claim of completeness.

Increasing the spin flip efficiency of SF1

The single spin flip measurements were done in trap saturation, i.e. at full efficiency εSF2 of
SF2 (PSF2 = 80 W). From the considerations in Ch. 6.2.2 follows, that maximum efficiency
of SF1 was probably not achieved yet if a similar dependency of N on PSF1 is assumed
at h2 as was measured at h1 (cf. Fig. 6.8). In order to improve εSF1, higher RF power
irradiation must be made possible by a more thorough impedance matching.

The spin flip efficiency furthermore depends on the gradient at SF1, which was adjusted
to ∇zB0(zSF1) = −0.5 mT/cm by the gradient coils C3 and C5. The size of this gradient
was, however, only an estimated starting value and was neither optimised nor even varied
yet.
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Decreasing the beam divergence

In Ch. 6.1.2, we saw how strongly the effectiveness of the double spin flip technique depends
on the beam divergence, so that a reduction of θmax is expected to have a significant impact
on the UCN density in τSPECT.

The gravitational deceleration between the UCN source exit and the shutter at the
entrance of τSPECT shifts the energy spectrum down, however, at the same time the
beam divergence increases (cf. Ch. 6.1.3). The divergence angle depends amongst others
on the type of reflection, the ideal case would be purely specular reflection (as opposed to
diffuse reflection) but which requires a very high quality of the neutron guide inner surface.
In the current beamline setting (beamline No. 3, cf. Ch. A.6), two 90◦ bends are used,
which shall be replaced by specularly reflecting mirrors consisting of 58NiMo coated float
glass plates. As shown in Fig. 6.10, a reduction of the beam divergence would be expected
since the transversal velocity components of the neutrons do not evolve as strongly as with
the bent tube13. First prototypes of reflecting mirrors are currently under construction.

Furthermore, neutrons at higher energy are required for the double spin flip technique
than for the single spin flip technique. As these neutrons have been gravitationally decel-
erated already when they reach the entrance of τSPECT, their energy at UCN source level
(h = 0 m) is even higher. Calculating a simplified example, a neutron with Ekin,0(h2) =
142.07 neV at the entrance of τSPECT was decelerated from initially Ekin(h = 0 m) =
301.5 neV. With the current beamline consisting of stainless steel tubes (VF = 190 neV),
this neutron may be lost if it impinges on the walls at large scattering angles. There-
fore, it could be considered to coat the beamline with 58Ni (VF = 335 neV) or 58NiMo
(VF = 310 neV). However, the surface quality - more specifically its roughness - depends
on the coating method and from comparison measurements in [Kah20] follows, that the
UCN transmission through the currently used stainless steel guides is still better than
through a tube made from SiO2 with NiMo coating. Thus, if the advantages of the high
Fermi potential of 58Ni is countered by a higher fraction of diffuse reflection resulting from

13This is only the case under the assumption of specular reflection.

a) b)

Figure 6.10: Schematics of neutron transmission through a 90◦ bent tube (a) and using
a 45◦ mirror (b). Due to many reflections inside the bend, the transversal
component of the neutron velocity (red arrow) increases faster when using
the bend than with the mirror, where only one reflection is required to
guide the neutrons upwards. In order to decrease the beam divergence at
the entrance of τSPECT, both bends in the beamline are thus to be replaced
by mirrors in the future.
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a rougher surface, nothing can be won. The optimisation of the beamline (which includes
the neutron guides within τSPECT) is therefore currently under investigation.

Combining the single and double spin flip technique

UCN in the energy range of the single spin flip technique (∆Ekin,0 = [0 neV, 18.9 neV], cf.
Eq. 5.1) reach τSPECT later than those UCN used for the double spin flip technique (
∆Ekin,0 = [110.56 neV, 142.07 neV], cf. Eq. 6.6). By switching off SF1 earlier than SF2,
both filling techniques are combined, which at h1 already resulted in a 12(6) % increase
using the ’optimised’ timing configuration in Tab. 6.1. This method is thus worth investi-
gating at h2 as well.

In conclusion, the double spin flip technique was successfully tested as proof of concept
and resulted in an increase in N by 19 % already after a very rough parameter optimisation.
The implementation of the steps mentioned above will show, to what extend this filling
method can be further improved.
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Chapter 7

Summary and Outlook

In this work the filling process in the neutron lifetime experiment τSPECT was investigated
and optimised. After the storage octupole had been installed in 2018, UCN storage using
only magnetic fields was possible in the trap with a volume of ∼ 10 L and a trap depth of
Vpot = 47 neV. The measurement principle and the development of additional components
required for the filling of the trap with UCN are discussed. The filling process involves
the spin flip of high-field seeking neutrons to the low-field seeking state, which is done by
an adiabatic fast passage spin flipper. It was estimated that spin flips in the transversal
magnetic field of the storage octupole are not efficiently possible. In order to counter
this effect, a second octupole was built and installed, which was able to compensate the
transversal field by 60.4(1.0) %. Due to gravity, it was axially misaligned with the storage
octupole by δy = −2.6 mm in vertical direction.

Two different types of spin flipper were investigated throughout the last years, the first
one was a so-called birdcage resonator with a fixed resonance frequency of ∼ 10 MHz.
First storage experiments of UCN using this spin flipper were successful, the fit to a
storage curve at optimised filling parameters and at zSF = 879 mm yielded an initial
number of permanently stored neutrons N(t = 0 s) = 145.0(21.0) and a decay time of
τ = 476.9(79.7) s; the measurement was done without spectrum cleaning of marginally
trapped neutrons. Apart from this systematic error, a measurement of the neutron lifetime
with an uncertainty of ∆τn = 1.0 s would not have been possible in a reasonable amount
of time though.

Since analytic calculations regarding the adiabatic fast passage spin flipper are only
valid for spin flip efficiencies . 1 and parameters such as the neutron velocity distribution
or external forces are not taken into account, Monte Carlo simulations of the spin flip were
carried out. These simulations allowed for investigations of the influence of the remaining
transversal field on the spin flip efficiency. It was found, that εSF decreases regardless of
the B1 amplitude of the spin flipper if the transversal field gradient at the neutron guide
radius is more than three times larger than the longitudinal field gradient in the centre of
the guide. This lead to the restriction of allowed spin flip positions with z ≤ 1004 mm.

From energy considerations in the total filling process followed, that the maximum initial
neutron velocity that is only just storable in the trap depends on the magnetic field at the
spin flip position. The storable energy range for the birdcage resonator was calculated as
0 to 7 neV, which compared to the trap potential of 47 neV was rather low. In order to
increase the neutron density, the spin flipper had to be positioned in a lower magnetic field.
This was not possible without having to reconstruct the birdcage resonator, so that it was

131



132

unsuitable for further optimisation processes.
The spin flipper was thus replaced by a double saddle coil, that could be tuned to varying

resonance frequencies externally. It allowed for spin flip positions in lower magnetic fields,
where an increase in the number of neutrons stored in the trap by a factor of ∼ 4 was
achieved at the optimum position zSF = 980 mm. Furthermore, its additional parameters
RF power (which corresponds to the B1 amplitude) and signal phase shift ∆ϕ were fully
understood and optimised.

The compensation of the storage octupole field was improved by reducing the axial
misalignment between the two octupole axes to δy = −0.2 mm. Simulations estimated an
improvement in the compensation by another factor of ∼ 12. This allowed for spin flip
positions close to the minimum of the B0 field. However, no stored neutrons were measured
here, which might be due to a second spin flip back to the high-field seeking state behind
the field minimum.

By reducing the current in the superconducting coils from Imain = 33 A to 31 A, and
thus decreasing the magnetic field at the spin flip position, a higher energy acceptance for
incoming neutrons was expected. No increase in the number of neutrons could be found
though, which could be caused by a reduction of the field potential in the fringe region of
the trap.

First systematic investigations regarding a cleaning procedure were done, employing
three different cleaning positions and three cleaning durations up to tclean = 40 s. In all
cases, the cleaning had a visible effect as the population of neutrons leaving the trap on
time scales much shorter than the neutron lifetime could be decreased drastically.

The determination of the neutron lifetime from a storage curve of relative measure-
ments requires a normalisation of the data. Three methods were investigated in this work,
currently a normalisation to the pulse energy of the reactor gives the best results where
non-statistical fluctuations of ∼ 5 % remain.

With the installation of an additional double saddle coil in the high field region of the
first B0 field peak the double spin flip technique was implemented. It relies on a two-stage
deceleration of neutrons initially in the low-field seeking state. From the neutron energy
distribution follows a significant increase in the number of storable neutrons. However,
the effectiveness of this technique depends heavily on the divergence of the incident neu-
tron beam, since the deceleration acts only on the longitudinal component of the neutron
motion. Compared to the previous single spin flip technique, an increase in the neutron
density by ∼ 19 % could be achieved in a proof of concept measurement.

Outlook

By replacing the bent tubes in the beamline with specularly reflecting mirrors, it will be
attempted to reduce the beam divergence and thus increase the efficiency of the double
spin flip technique. The mirrors are currently under construction and will be ready for
investigation soon. A dedicated normalisation detector is currently under construction,
which is planned to be located in the upper part of the beamline. Simulations on UCN
transmission through the beamline are ongoing.

In the meantime, the cleaning procedure was further improved by prolonging the clean-
ing duration to ∆tclean = 200 s. A storage curve was measured in beamtime June2021 as
shown in Fig. 7.1 with cleaning at zclean = 1854 mm. A step-wise increase in the number of
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Figure 7.1: Storage curve measured in beamtime June2021 with multi-dimensional single
exponential fit. The data was split by days, the fit taking into account a
parameter for the amplitude of each day and a common decay constant which
yielded τ = 858.59(15.52) s. The remaining fit results are listed in Tab. B.5.

neutrons was observed with each new day (probably due to improved UCN production by
reformation of the sD2 crystal), so that the data set was split by days. A multi-dimensional
single exponential fit of the form

N(t) = ai1 exp(−t/τ) (7.1)

was applied, with ai1 corresponding to the initial number of neutrons at each separate
day, and τ the decay constant common in all data sets (cf. Tab. B.5 for the fit results).
With τ = 858.59(15.52) s (χ2/ndf = 1.14) a significant improvement compared to the
measurements at shorter cleaning duration (∆tclean ≤ 40 s, cf. Ch. 5.3.1) was achieved as
this result is close to the expected neutron lifetime τn ' 880 s and measured with a higher
precision. In the future, further investigations will be made. In addition, simulations on the
cleaning procedure for finding the optimum cleaning position and duration are currently
in progress.
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Appendix A

Further contents, procedures and
constructions

A.1 The UCN source D at the TRIGA reactor

Source D at the TRIGA reactor is a pulsed source for ultracold neutrons (cf. Ch. 2.1.2).
Between the pulses, the reactor is kept in steady-state mode at P = 50 W [KRR+17],
which is maintained by three control rods filled with a strong neutron absorbing material
(in Mainz, this is Cadmium)1. The sudden shoot out of one of the control rods (the ’pulse
rod’) using pressurised air leads to a short-term excess of reactivity and a sharp increase
of the reactor power up to P = 250 MWpeak with a reactor period on the order of a few
milliseconds. The temperature in the fuel rods rises quickly, leading to a fast decrease in
reactivity. The result is a short neutron pulse with a width (FWHM) of ∼ 30 ms and a
total pulse energy of up to Epulse = 10 MWs. A maximum of 12 pulses per hour is legally
allowed, so that in principle one pulse every 5 min would be possible. However, it was
observed that the stability regarding UCN output increases if the time between pulses is
roughly 12 min, which for τSPECT is no limitation as many measurements take longer
than this time anyway.

A.1.1 The setup of the UCN source

A schematic drawing of the UCN source is depicted in Fig. A.1, based on Fig. 1 in [KSB+14]
(dimensions are not to scale). The reactor core consists of multiple fuel rods, which are
made from uranium zirconium hydride (UZrH). It is surrounded by a graphite reflector, a
water pool and a concrete shielding. The UCN source is installed inside a drilling through
the shielding and reaches close to the core. The fast neutrons from the fission of the
uranium atoms (E > 1 MeV) are thermalised by the hydrogen in the fuel rod material and
the surrounding water. The thermal neutrons in turn maintain the fission chain reaction.
The heat load in the fuel rods (T ∼ 600 K [Hel21, Ebe21]) leads to upscattering of the
thermalised neutrons to higher energies, so that the fission cross section decreases and the
chain reaction stops.

1A thorough introduction into the physics and operating properties of TRIGA reactors is found on the
website of the International Atomic Energy Agency (IAEA): https://ansn.iaea.org/ (accessed Feb 2nd,
2021).
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Figure A.1: ’Nose’ region of UCN source D, based on Fig. 1 in [KSB+14]. The cup-
shaped end of the source (’nose’) is cooled to T ' 10 K, where a sH2 (pre-
moderator) and a sD2 crystal (main moderator) are frozen out. Thermal
neutrons scatter inelastically at the moderators and enter the neutron guide
as UCN. In the region of the thermal bridge, the wall thickness is reduced for
thermal decoupling. A graphite/bismuth stopper shields the crystals from
high heat load by fast neutrons and γ radiation. The neutron guide is made
from stainless steel tubes with 58NiMo coating in the region of the thermal
bridge.

In order to moderate the thermal neutrons down to the ultracold energy regime, two
crystals are frozen out at the cup-shaped end of the source (’nose’): A hydrogen crystal as
pre-moderator (Tf(sH2) = 14.0 K) and a deuterium crystal as main moderator (Tf(sD2) =
18.7 K). Therefore, the nose must be cooled with liquid helium (T (lHe) ≤ 4.2 K)2.

The neutrons scatter inelastically via phonon interaction with the sH2 crystal and are
converted to energies which have a high scattering cross section with the atoms in the sD2

crystal. Here they are further downscattered to ultracold energies (TUCN ' 3 mK). In this
process the quality and shape of the sD2 crystal are important: Under good conditions
the time the neutrons spend within the crystal is small due to a low diffuse reflection
rate (∼ ms) and does not suffice to bring them to thermal equilibrium with the crystal
(TsD2

' 6− 8 K). Thus the source D is a superthermal UCN source. Furthermore, during
the short time within the crystal, absorption by the deuterium atoms and upscattering
is small, if the deuterium is in the energetic ground state ( [UTM+05] ’ortho-state’ with
total spin J = 0) and if the crystal is not amorphous (this would lead to increased diffuse
scattering and thus prolong the time spent within the crystal). When the neutrons finally
leave the crystal they are accelerated because of the potential difference between the sD2

crystal (VF = 105 neV) and vacuum. Therefore, the UCN energy spectrum in the beamline
starts at E ' 105 neV.

In the region of the so-called thermal bridge, the wall thickness of the neutron guide
is reduced (length ∼ 500 mm) for thermal decoupling of the room temperature part of
the UCN guide from the ’nose’ containing the sH2 and sD2 crystals. A graphite/bismuth
stopper between the source and the core shields the crystals from heat load caused by

2The freeze out temperatures for H2 and D2 were obtained from https://chem.libretexts.org/, the
boiling temperature for lHe from https://www.rsc.org/.

https://chem.libretexts.org/Bookshelves/Inorganic_Chemistry/Map%3A_Inorganic_Chemistry_(Housecroft)/10%3A_Hydrogen/10.3%3A_Isotopes_of_Hydrogen/10.3A%3A_Protium_and_Deuterium
https://www.rsc.org/periodic-table/element/2/helium
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epithermal neutrons and γ radiation [KSB+14].
The source was upgraded in 2017 [KRR+17] to increase the UCN output, during which

neutron guides with improved surface roughness3 were installed. Furthermore, the initial
natural NiMo coating of the nose (VF = 220 neV) was replaced by a coating made from
58NiMo (VF = 311 neV) and the coating region was extended to include the thermal bridge.

A.2 Construction of the compensation octupole

A.2.1 The selection of the magnetic segments

The compensation octupole required a total of 160 magnetic segments (32 in each of the
five rings) which were ordered from Arnold Magnetic Technologies AG including an over-
head of 45 %. From the discretisation of the Halbach array follows a magnetic rotation by
45◦ between the segments (cf. Eq. 3.3), which in turn for symmetry reasons is realisable
using segments of only 5 different magnetisation directions (cf. Fig. A.2, middle). Assum-
ing perfect orientation of the segments within the Halbach array, the most homogeneous
magnetic field is generated if only segments are used, which have the most similar magnetic
remanence. Therefore, all segments were magnetically measured using a calibrated 3-axis
Hall probe (cf. Ch. 3.2.2.1) before the assembly of the compensation octupole.

3Instead of electropolished stainless steel tubes of hygienic class HE4 (Ra ≤ 0.4µm), hygienic class
HE5 (Ra ≤ 0.25µm) was used for the total of ∼ 3.8 m length out of the reactor shielding [KRR+17]. The
surface roughnesses are taken from https://www.sks-online.com/.
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Figure A.2: Field measurement of the magnetic segments. Left: Measurement setup
with a distance between segment (2) and Hall probe (1) of d = 33 mm. The
segment is held by a PTFE construction aid (4) and one of the titanium
rings of the compensation octupole holding shell (3). Middle: The five
segment magnetisations required for the compensation octupole. The black
arrows mark the magnetisation direction. The dimensions of a single segment
are depicted at the bottom with l = 30 mm, a1 = 7.8 mm, a2 = 9 mm
and h = 5.8 mm. Right: Distribution of the absolute magnetic field of
the vertically (0 ◦) magnetised segments around the common mean value of
Bmain(0◦, d = 33 mm) = 3.77(5) mT.

https://www.sks-online.com/wp-content/uploads/2015/10/Engels_DIN_11866.pdf
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Fig. A.2 shows the measurement setup on the left and the resulting histogram for the
absolute magnetic field of the vertically (0 ◦) magnetised segments on the right. The
measurement distance was d = 33 mm from the middle of the segments, which is roughly
equal to their longest side (l = 30 mm, cf. Fig. A.2, bottom). This is a problem, because
with the magnetic field of the segment decreasing with ∼ d3, a displacement in the exact
position of the segment by only δd = 0.1 mm can cause fluctuations in the measured field
by δB ' 0.04 mT (the dependency on d3 and the values result from a FEM simulation
using COMSOL Multiphysicsr). However, at larger measurement distances the field would
have been too small to be significantly distinguishable from noise.

The mean value of the results is found as Babs,mean(0◦, d = 33 mm) = 3.77(5) mT.
The measurement was repeated for all magnetisation directions and, finally, the required
number of segments was chosen from the regions around the mean values.

A.2.2 Construction of the compensation octupole

After identifying the most similar magnetic segments, they were distributed over five in-
dividual titanium rings, which make the holding shell of the compensation octupole. The
rings contain a gearing construction with precision cutouts between adjacent rings in order
to keep the relative rotation of the rings fixed (cf. Fig. A.3 left). The end rings are longer
by 20 mm on each side, so that the fringe field of the compensation octupole is contained
mainly inside the material. The fixation in axial direction is done by a titanium holding
cylinder, which is connected to the end rings on both sides. The vertical slits in the holding
cylinder were originally intended to fit additional magnetic platelets to further improve the
field compensation, which were, however, never used.

The glue (two-component epoxy resin Epo Tek 301-2) requires 48 hours to fully harden,
so that a construction aid was needed, which on the one hand helped placing the magnetic
segments properly, and on the other hand kept them in position during the curing time

Figure A.3: Gearing principle of the compensation octupole rings. The magnetic seg-
ments (2) are glued into three inner and two outer rings made from titanium
(1). When pushing the rings together for the final assembly, the overlapping
material of the rings are integrated into adjacent indents, maintaining the
alignment of the octupoles. A titanium holding cylinder (3) is pulled over
the rings and connected to the end rings via studs (4).
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a) b)

c) d)

Figure A.4: Construction and measurement setup of the octupole rings. a) Construction
setup with segment holder (1), magnetic segment (2), titanium ring (3), and
Ti screw with PTFE end cap (4). b) Inner titanium ring with the first 16
magnets in place fixed by glue. c) Finished octupole ring. The top and
bottom surfaces were grinded afterwards to avoid slits between the rings. d)
Setup for the magnetic field measurement of the octupole rings with a Hall
probe on a Cu plate (rotatable) (1) and octupole ring (2). Data points were
taken at r = 39± 1 mm and ϕ = 11.25(2.0)◦.

of the glue. This construction aid is shown in Fig. A.4 a). The first half of segments was
covered with glue, pushed into place and held there by screws with PTFE end caps. After
the glue had cured, the ring was taken out of the construction aid and ready for the second
set of segments (Fig. A.4 b)). A second construction aid similar to the first one, but milled
in the lower half to fit into the octupole ring, was used to place the remaining segments.
The finished ring is shown in Fig. A.4 c). Afterwards, the front surfaces of all rings were
ground to reduce slits between adjacent rings.

Finally, the rings were magnetically measured, in order to check, if the segments were
placed correctly and the field shows the expected octupole structure. The calibrated 3-axis
Hall probe (cf. Ch. 3.2.2.1) was mounted on a rotatable piece of copper pinned to a rod
as shown Fig. A.4 d). The octupole rings were placed around the rod concentrically and
a measurement was done every ϕ = 360◦/32 = 11.25◦ (in the centre of each segment) on
a radius of r = 39 ± 1 mm. The estimated rotation error is ∆ϕ = 2 ◦. Fig. A.5 shows
the radial component of the measured magnetic field of all five rings on the left, and the
z-component on the right. If the measurement plane were exactly horizontal and in the
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Figure A.5: Radial (left) and longitudinal component (right) of the magnetic field shown
for the 5 octupole rings on a measurement radius of r = 39 ± 1 mm. The
errors are smaller than the point size. The black crosses show data from a
FEM simulation on a plane ∆z = 1.6 mm from the vertical centre of the
rings and with a tilt of 1◦, the lines are a fits of a sine function to this data.

vertical centre of the ring, Bz would be expected to vanish for symmetry reasons. A FEM
simulation using COMSOL Multiphysicsr showed, however, that the remaining structure
in Bz was caused by an offset in the measurement plane by ∆z = 1.6 mm and a tilt by
1◦. The agreement between measurement and simulation confirms, that all segments were
placed correctly and that the rings are of approximately equal field strength.

Nevertheless, slight inhomogeneities in the magnetic field can create an offset between

0

10

20

30

40

50

60

−20−15−10 −5 0 5 10 15 20

0.0
0.5
1.0
1.5

−8 −4 0 4 8

B
a
b
s

(m
T

)

r (mm)

Vertical cut
Horizontal cut

Figure A.6: Left: Measurement of the absolute magnetic field on a vertical (yellow)
and horizontal line (blue) through octupole ring No. 1. The inset shows a
detailed view around the geometric centre. Right: The measurement lines
within the octupole ring. The cross marks the quadrant of the magnetic
minimum.



Appendix A. Further contents, procedures and constructions 141

the magnetic minimum and the geometric centre of the octupole rings. Therefore, before
the final assembly of the compensation octupole, each ring was measured magnetically on
a vertical (0 ◦) and horizontal line (90 ◦) through the geometric centre at r = 0 mm as
seen from above (cf. Fig. A.6, right). The resulting absolute magnetic field on both lines
is shown on the left side of Fig. A.6 for ring No. 1. The inset is a detailed view of the
region around the geometric centre. The magnetic minimum is found both vertically and
horizontally on the positive axis, which corresponds to the first quadrant in a coordinate
system. The octupole rings were oriented relative to each other with their magnetic minima
all in the same quadrant in order to avoid additional inhomogeneities of the resulting
octupole field.

The total assembly of the compensation octupole finally proved to be challenging, be-
cause equal magnetic poles had to be pushed together (requiring force) and the rings were
not to lose their orientation (requiring precision). Thus, an assembly aid was built, which
is shown in Fig. A.7 (left). The rotation of the rings was prevented by rods being stuck
through the supporting holes in each ring and through a slit in the assembly aid. Two metal
plates at the top and bottom were connected by threaded rods. By slowly tightening the
nuts at the top, the rings were pushed together carefully and the rods were removed as
soon as the cutouts of the rings engaged. Finally, the holding cylinder was moved upwards
and bolted with the top and bottom end ring. The bolts were additionally fixed with epoxy
resin4. The finished octupole is shown on the right side of Fig. A.7.

Figure A.7: Final steps of the octupole assembly. Left: Octupole rings (1) stacked on
top of each other onto an assembly aid with rods (2) preventing them from
rotation. Two metal plates, connected by threaded rods (3) pushed the rings
together when the nuts at the top (4) were tightened. As soon as the cutouts
of the rings engaged, the rods were removed. Finally, the holding cylinder
(5) was pulled upwards and bolted with the end rings. Right: The finished
compensation octupole.

4Stycast 2762 FT in combination with Catalyst No. 17
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A.2.3 Allan deviation of the Hall probe

The magnetic field measurements during the construction and characterisation process of
the compensation octupole (cf. Chs. A.2 and 3.2.2.1) were done using a calibrated 3-
axis Hall probe. In order to avoid fluctuations, multiple data points were taken for each
measurement and the average value was calculated afterwards. With an Allan deviation
the temporal stability of a measurement system with respect to noise can be estimated,
which in case of the Hall probe is useful in order to find the optimum number of data
points n for each measurement5. If n is too small, internal fluctuations of the Hall probe
increase the error of the average, whereas a large n includes slow drifts of the Hall probe.
The optimum is found where the error of the average is minimum.

During the Allan deviation measurement, the Hall probe was fixed on a holder and a
continuous measurement was done for 60 s. The probe controller features internal averaging
modes over 2m with 2 ≤ m ≤ 7 single measurements for each data point. The Allan
deviation was repeated for each of these modes and is shown in Fig. A.8. The calculation
was done using the Python3 package AllanTools. The procedure is to cut the data of the
total measurement time into segments of equal length, which is called the integration time
τ (at 60 s, the resulting number of segments is k = 60 s/τ). The data in each segment
is averaged and finally, the standard deviation of all the segments is calculated. The
integration time is then varied so that with increasing length, fluctuations cancel out more
and more. As soon as the integration time is too large, sensor drifts become dominant.

5A detailed introduction into the Allan deviation can be found for example at http://home.engineering.
iastate.edu/ shermanp/AERE432/lectures/Rate%20Gyros/Allan%20variance.pdf (last visited on June 17,
2021).
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Figure A.8: Allan deviation of the Hall probe for the six internal averaging modes of the
probe controller. The optimum at τ = 30 s and 64 averages per data point
requires a long measurement time, so that a compromise is found at τ = 1 s
with 128 averages.

http://home.engineering.iastate.edu/~shermanp/AERE432/lectures/Rate%20Gyros/Allan%20variance.pdf
http://home.engineering.iastate.edu/~shermanp/AERE432/lectures/Rate%20Gyros/Allan%20variance.pdf
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From Fig. A.8 follows an optimum integration time of 30 s with an internal averaging
mode of 64 measurements per data point. However, this would result in a long overall
measurement time for the field maps (cf. Ch. 3.2.2.1), so that a compromise was found
using τ = 1 s and an averaging mode of 128 measurements per data point.

A.2.4 The orientation of the compensation octupole

The octupole symmetry and the rotational fixation of the compensation octupole by the
translation stage show a 90◦ symmetry (cf. Fig. 3.9), allowing four different orientations
of the compensation octupole with respect to the storage octupole. If both octupoles
produced a uniform magnetic field without fluctuations, the orientation would not matter.
As this is not the case, a combination was to be found, which resulted in the lowest
remaining field.

Therefore, all four possible orientations were mounted one by one and a rough field
map was measured at r = 25 mm: To save time, only every fourth adjustable angle was
measured, so that the angle between different measurements was ∆ϕ = 22.5 ◦ instead of
the ∆ϕ = 5.63 ◦ steps described in Ch. 3.2.2.1. This results in a total of 16 measurements
for either orientation. At each position the absolute magnetic field was measured using the
calibrated 3-axis Hall probe. The spring-mounted rolls at the front of the compensation
octupole were replaced only in a later iteration (cf. Ch. 5.2.1) so that in the test measure-
ment here the compensation octupole was still aligned at an axial offset by δy = −2.6 mm
(cf. Ch. A.5.1.2).

Fig. A.9 (left) shows the measurement results at all angles depending on the longitudinal
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Figure A.9: Orientation optimisation of the compensation octupole. Left: The absolute
magnetic field of all measurements along z and in steps of ∆ϕ = 22.5◦ at
r = 25 mm for orientation No. 4. The difference between maximum and
minimum field at each z-position is called the spread Bspread. Right: The
spread at each z-position for all four orientations. Grey shaded: Range
outside of the compensation octupole; yellow shaded: Spin flip region within
the compensation octupole. The lowest mean spread in this region was found
with orientation No. 4.
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position exemplary for orientation No. 4. The errors6 are not shown here for visibility
reasons. The measurements start in front of the compensation octupole and end behind
it, therefore the remaining storage octupole field of around Babs ≈ 80 mT is visible on
the left and right side of the plot. The low field region in the middle corresponds to
the compensated field. A measurement on a circle with fixed radius and z-position with
two perfectly aligned ideal octupoles should result in the same absolute field amplitude
at all measurement angles. Using real octupoles, the amplitude differs with the angle
between a maximum and a minimum value; this is even more the case considering the axial
misalignment of our two octupoles7. The difference between the maximum and minimum
field on a given circle is here called the ’spread’, Bspread = Bmax

abs − Bmin
abs , and is used to

find the optimum orientation of the compensation octupole. Bspread was calculated at all
measured z-positions of each orientation and is shown on the right side of Fig. A.9. The
error is calculated as ∆Bmax

abs + ∆Bmin
abs . The lower the spread, the more homogeneous is

the magnetic field on the circle at the respective z-position.
The first thing that stands out is the two spikes in the spread at around zrelative =

45 mm and 180 mm: These might be caused by a combination of large gradients in the
transition region between compensated and uncompensated field and small position errors,
which suggest a comparably large spread. Additionally, we find that the spread of the
uncompensated field (zrelative . 20 mm and zrelative & 200 mm) is larger than that of
the compensated field. In Ch. 3.2.2.1 it was suspected, that the rotation axis of the
measurement setup and the axis of the storage octupole were not fully aligned but offset
by δy ' +0.8 mm, which lead to a weaker field measured at the bottom of the storage
octupole than at the top. Such an offset would suggest a spread as well, which is more
prominent in the uncompensated field (B ∼ r3) than in the compensated field (B ∼ r2 due
to the hexapole structure of the field resulting from the axial misalignment). This makes
a quantification of the optimum orientation of the compensation octupole difficult.

However, as in the compensated field region no orientation stands out as an optimum
directly, we can assume that on the whole all orientations are more or less comparable.
For the sake of completeness the mean spread was calculated in the spin flip region for all
orientations, the lowest result was found with orientation No. 4, which was thus declared
as optimum and used as final setup in τSPECT.

A.3 The spin flipper

A.3.1 The signal phase shift ∆ϕ for the birdcage resonator

The birdcage resonator was operated in quadrature excitation. Therefore, the signal was
split after the amplifier and one of the signals was shifted by 90◦ by inserting a cable of ad-
ditional length ∆l = 5.1 m in order to increase the delay line of the signal (cf. Ch. 3.3.2.1).
The phase between the shifted and the unshifted signal was afterwards measured using a
sine wave of amplitude U0 = 2.5 V and f = 10.26 MHz. The resulting signal is shown in
Fig. A.10 resulting in a phase between the shifted and the unshifted signal of ∆ϕ = 90.25◦.
However, the shifted signal is reduced in amplitude by around 0.09 V, corresponding to

6The errors are ∆z = 2 mm and ∆Babs, calculated from Gaussian error propagation with ∆B = 0.5 mT
in each field component (cf. Ch. 3.2.2.1).

7The centring of the compensation octupole by the installation of rigid axles of the rolls (cf. Ch. 5.2.1)
reduce this problem to a negligible level.
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∼ 3.6 %. This might be caused by damping effects in the longer cable. In combination
with the small deviation from 90◦ in the phase shift, the generated B1 field inside the spin
flipper was expected to be slightly elliptical.
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Figure A.10: Phase shift realised for the birdcage resonator. The two outputs of a fre-
quency generator at U0 = 2.5 V and f = 10.26 MHz were monitored on
an oscilloscope. The additional cable of length l = 5.1 m creates a phase
shift of ∆ϕ = 90.25◦ in the shifted signal (red dashed line) with respect to
the unshifted one (blue solid line). The amplitude of the shifted signal is
reduced by 3.6 %.

A.3.2 Calibration of the pick-up coil for magnetic field measurements

The magnetic field measurement of the birdcage resonator requires a pick-up coil calibrated
with a well-known field. The induced voltage in the pick-up coil is deduced beginning with
Maxwell-Faraday’s induction law and integrating the electric field over the cross sectional
area A of the coil. The induced voltage then follows from

~∇× ~E = −∂
~B

∂t
(A.1)

Uind =

∮
∂A

~E d~s =

∫
A
−∂

~B

∂t
d ~A (A.2)

−
∫
Uind dt = ~B

∫
A
d ~A = ~B · ~A = B ·Acoil · cos (α) · n. (A.3)

Here, n is the number of coil windings and α is the angle between the magnetic field vector
and the normal vector of the pick-up coil cross section. Assuming cos (α) = 1 and an
oscillation frequency ω of the field, solving for the magnetic field B with Uind = U0 ·sin (ωt)
yields

B = − 1

n ·Acoil
·
∫
U0 · sin (ωt) dt, (A.4)
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which after integration over a half oscillation results in the average magnetic field

B =
2 · U0

n ·Acoil · ω
. (A.5)

With this equation, the magnetic field is calculated by measuring the amplitude of the
induced voltage U0 in the pick-up coil.

The reference field for the calibration is generated by a solenoid with N windings and
length l. With a current I flowing through the coil, the resulting magnetic field is given
by Ampère’s law ∮

s

~B d~s = µ0 · I. (A.6)

Considering the cylindrical shape of the solenoid, the calculation of B simplifies to

B = µ0 ·
I ·N
l

. (A.7)

Knowing N and the length of the coil, the reference field is deduced from the measurement
of the current.

The calibration setup is shown in Fig. A.11 (left). The solenoid8 was connected to a
frequency generator and produced a vertical, time-varying magnetic field with a frequency

8The solenoid was kindly provided by Karl-Heinz Lenk from the electronics workshop at the Institute
of Physics.
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Figure A.11: Calibration of a pick-up coil for the measurement of the magnetic field
inside the spin flipper. Left: Calibration setup with the solenoid producing
the reference field, and the pick-up coil. The magnetic field is produced
by a frequency generator signal connected at the top and bottom of the
solenoid. The current required for Eq. A.7 is measured at the marked
position. Right: The calculated reference field plotted against the measured
pick-up coil voltage (blue squares). The calibration results from the fit
function in Eq. A.8, taking into account the pick-up coil parameters and
the oscillation frequency.
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f = 10.26 MHz. It was designed with denser windings at the top and bottom to homogenise
the field in the centre. The pick-up coil was positioned upright in the centre in order to
fulfill the condition cos (α) ≈ 1. The current in the solenoid was measured using a current
probe9, the induced voltage at the pick-up coil was monitored with an oscilloscope. The
results are shown on the right side of Fig. A.11. A fit of the shape

B = a · 2 · U0

n ·Acoil · 2πf
+ b (A.8)

provides the calibration with the fit parameters a = 1.18(3) Tm2HzV−1 and b = 1.60(19)×
10−7 T, as well as the pick-up coil parameters n = 10 and Acoil = 1.59(14) · 10−5 m2, and
f = 10.26 MHz.

A.3.3 The theoretical field shape of birdcage and saddle coil

In τSPECT, two different types of spin flipper have been investigated so far: A birdcage
resonator (cf. Ch. 3.3.1) and a double saddle coil (cf. Ch. 5.1). The magnetic fields of
both spin flippers were simulated using COMSOL Multiphysicsr, the results are shown in
Fig. A.12 (as the two saddle coils generate their fields independently, only one saddle coil
was simulated). In both cases the current was scaled up to result in a field at the centre
of B1 ' 0.5 mT, the yellow circles mark the inner diameter of the narrowed neutron guide
(cf. Ch. 3.1.2).

It is visible already by eye, that the birdcage resonator generates a more homogeneous
field than the saddle coil, nevertheless, as quantification we can use e.g. the non-uniformity
criterion in [SVMT06]: This criterion calculates the root mean square deviation σ relative
to the magnetic field at the centre Bc

NU =
σ

Bc
· 100 (A.9)

9Fluke & Philips PM9355.

Figure A.12: Magnetic field of a birdcage resonator (left) and a saddle coil (right) from a
FEM simulation with COMSOL Multiphysicsr. The current was adjusted,
so that B1 ' 0.5 mT in the field centre. The yellow circles correspond to
the inner diameter of the neutron guide. The arrows show the direction of
the magnetic field at a fixed point of time, the black lines are equipotential
lines between 0.1 and 1.5 mT in steps of 0.1 mT.
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and results in NU = 2.1 % for the birdcage resonator. In comparison, the saddle coil
generates a visibly more inhomogeneous field, especially in the region between the left and
right wires. These regions are, however, outside of the neutron guide - within the region
accessible by neutrons the non-uniformity still reaches NU = 5.4 %. With the saddle
coil being the simplest approximation of a cosine-theta coil (zeroth order), a higher field
homogeneity could be achieved by building a more complex coil of higher order.

With τSPECT, saturation of the trap was reached with both spin flippers (cf. Chs. 3.6.3
and 5.1.1.2), which leads to the conclusion, that - despite the lower homogeneity of the
saddle coils - both spin flippers were maximally efficient.

A.4 The neutron detector

A.4.1 Neutron event recognition

The detector ADC sends the digitised analog signal to a PC at a transmission rate of
10 MHz, which results in large data files of several gigabyte for each measurement (cf.
Ch. 3.4). In order to speed up later analyses concerning the counting of neutron and
background events, an intermediate step is necessary, which detects events in the raw data
and generates a reduced data file. Any peak in the raw data is called an ’event’, only after
its identification, it is decided, whether the peak is likely caused by the neutron capture
reaction (’neutron event’) or something else (’background event’).

A.4.1.1 The single-cut threshold

A first attempt for an event recognition was done by averaging the analog signal in the first
100 ms of the measurement, resulting in a mean ADC voltage ŪADC and the corresponding
standard deviation σADC. This time window is free of neutrons, since due to the delayed
pulse trigger (cf. Ch. 3.5), neutrons are produced only at t0 ' 1.5 s in the detector
data. A threshold of ŪADC + 7σADC was defined and every time the signal exceeded this
threshold longer than a predefined time-over-threshold, an event was identified. However,
this method contains two problems:

1. As shown in Fig. A.13 (left), 50 Hz noise, which was present in beamtime Sept2019,
resulted in a comparably high threshold so that smaller signals were lost regardless
whether they were neutron events or not.

2. A fixed threshold is not sensitive to slow fluctuations of the average detector voltage,
so that event loss can occur for long time periods, if the ADC signal is permanently
above or below the threshold (cf. Fig. 6.12 in [Kah20]).

Therefore a new peakfinding algorithm was developed using a dynamic threshold and a
more complex identification of neutron events.
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Figure A.13: Influence of single-cut and dynamic threshold on neutron event recognition.
Left: Detector raw data with 50 Hz noise (blue) and single-cut threshold at
ŪADC + 7σADC (black dashed line). In case of small events or slow baseline
drifts, events may be lost. Right: The same raw data after pre-processing
by calculating the signal sum in 2µs and the time derivative. Events appear
as sharp signals (note the time scale of the x-axis in ms), while slow noise
and drifts average out. The threshold in this frame is set to 4.6 mV/µs.

A.4.1.2 Neutron identification using a dynamic threshold

Setting the dynamic threshold requires a pre-processing of the raw data, which is shown
in Fig. A.14 using a ’zoom’ into a single event: The top (a) represents the raw data of
a typical event at 100 ns binning with a sharp rising edge and a signal decay of about
20µs. The voltage is calculated from ADC units. The signal is summed in 2µs intervals
(b) to smoothen the data10. Afterwards, the first time derivative of the summed signal is
calculated (c), resulting in a baseline around zero and a sharp peak caused by the rising
edge of the event. This peak is used for the dynamic threshold, because it is independent
of the ADC baseline voltage and slow noise and drifts are averaged out.

The impact becomes clearly visible in comparison with the single-cut threshold in
Fig. A.13: The raw data including the 50 Hz noise on the left is pre-processed as de-
scribed and shown on the right. The single-cut threshold applied to the raw data would
recognise only one of the two events in this time interval, whereas the threshold set in the
pre-processed data allows for both events being detected.

In order to distinguish neutron events from electronic noise, dark counts in the MPPC
or background radiation, further properties of the specific event are analysed as shown in
Fig. A.15. A temporary threshold Uthr is set in the raw data as reference. Afterwards,
the event is analysed for its peak height Umax, the peak rise time ∆trise between Uthr
and Umax, the peak fall time ∆tfall between Umax and the time when the signal drops
below the threshold again, the total event length ∆tevent = ∆trise + ∆tfall, as well as the
time-normalised integral voltage Uintegral of the event11.

10This process is similar to a running average, only that the division by the time interval is omitted in
order to avoid floating point numbers.

11The integral is calculated as Uintegral = 1
dt

∫
UADC dt.
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Figure A.14: Signal processing for neutron event recognition. a) The raw data of a
typical single event, the voltage is calculated from ADC channels. b) The
signal is summed in intervals of 2µs to smoothen small fluctuations < 2µs.
c) The first time derivative of the signal sum (red curve) and the dynamic
threshold set to 1.1 mV/µs (blue line).

The properties of events occurring in two 50 s storage measurements - one with and one
without neutrons12 - are compared in order to separate neutron events from background
events. An example is shown on the left side in Fig. A.16: For each event, its total
length ∆tevent is plotted depending on its occurrence time relative to the thermal peak (cf.
Ch. 3.5). The analysis window here is restricted to the range around the counting interval
(cf. Ch. 3.6.2), which in the plot starts at13 t ≈ 60 s. Only the measurement with neutrons
shows a bunch of data points with ∆tevent & 5µs within the counting interval. Therefore,
a cut is applied at ∆tevent = 3µs and all events below this cut are ignored.

This procedure was repeated for different parameters and parameter combinations, such
as for example Uintegral/Umax. As soon as no further cut options could be recognised and
changing the cut order lead to no different results, the peakfinding algorithm was finished.
In the final version, events must satisfy the following conditions to be identified as neutron

12The measurement without neutrons is termed a ’dry run’ and was done between two reactor pulses.
13This time calculates as the sum of the duration until filling of the trap is finished (tfill = 2.0 s+∆tfill =

4.0 s), the storage time ts = 50 s and the time until the detector has moved from its storage position to the
edge of the trap (t ≈ 4 s), where counting of neutrons begins.
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Figure A.15: Event properties used for the peakfinding algorithm. The blue curve shows
a typical neutron event, the black dashed line marks the temporary thresh-
old Uthr. The event parameters used for the analysis are the maximum
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events:

∆tevent ≥ 3µs

Uintegral

Umax
≥ 22

Umax

∆tfall
≥ 3 mV/µs

(A.10)

Analysing the same 50 s storage measurements as before with this algorithm results
in the spectra shown in Fig. A.16 on the right. The increased count rate around 60 s
corresponds to the neutrons in the counting interval, the background level both with and
without neutrons is ∼ 1.1 Hz.

A.4.2 Optimisation of the detector overvoltage

The operation voltage of the detector is adjusted by an internal circuit of the signal shaper
box, which converts the analog detector signals into a shape understood by the ADC
(cf. Ch. 3.4). With the temperature dependent nominal breakdown voltage Vbd as the
minimum setting, the overvoltage Vover is to be raised manually.

In order to find the optimum operating range, 50 s storage measurements were done
with τSPECT14. The number of stored neutrons N with normalisation to the pulse energy

14The measurements were done using the birdcage resonator as spin flipper at zSF = 879 mm and
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Figure A.16: Neutron recognition process. Left: Length ∆tevent of signal events mea-
sured with (•) and without neutrons (�) after a predefined storage time of
50 s, the x-axis corresponds to the time after the thermal peak. The bunch
in the yellow data at around 60 s with ∆tevent & 5µs is identified as neutron
events, the offset of ∼ 10 s with respect to the storage time accounting for
the duration of the filling process and the time until the detector is moved
into the trap. A cut at ∆tevent = 3µs (black line) ignores all events shorter
than this value. Right: The same measurements analysed with the finished
peakfinding algorithm (cf. Eq. A.10), the binning is in 1 s intervals. The
high count rate in the measurement with neutrons corresponds to neutron
events. The background level in both measurements is ∼ 1.1 Hz.

and the background count rate Rbg were analysed depending on Vover, the result is shown
in Fig. A.17 (left). It shows, that a plateau is reached between Vover = +3.0 V and
+5.0 V, lower voltages lead to a reduced detection efficiency, whereas at higher voltages
the background increases.

The right side of Fig. A.17 shows the raw data in the first 40 ms of measurements at
different overvoltages. As data recording is started before the pulse is executed (the thermal
peak in the detector data occurs only at t0 ' 1.5 s, cf. Ch. 3.5) this interval does not yet
contain neutron events. While the measurements at Vover = +1.0 V and +3.5 V exhibit a
comparable noise level, we find the noise at Vover = +5.0 V significantly increased already.
The optimum operating range is thus restricted further to Vover = +3.0 V to +4.5 V.

If not mentioned otherwise, all measurements in this work were done at Vover = +3.5 V.
Here, the background is at roughly Rbg ' 1.2(2) Hz. Even though the interval from which
the neutron counts N are inferred is much longer, the largest fraction of neutrons is counted
within ∼ 20 s, resulting in an average neutron count rate15 RN ' 200/20 s = 10 Hz.

P = 230 W
15For statistical reasons, the background count rate and the neutron counts were averaged over the

plateau between Vover = +3.0 V and +4.5 V. The result for the neutron counts N = 197(18) is rounded to
N = 200 as we are only interested in a rough estimation.
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Figure A.17: Optimisation of the detector overvoltage. Left: Neutron counts N after
ts = 50 s (blue squares, left axis) and average background count rate Rbg
(red hollow circles, right axis) measured with P = 230 W RF power at
zSF = 879 mm using the birdcage resonator as spin flipper. The optimum
operating range is found between Vover = +3.0 V and 4.5 V, the typical set-
ting in this work is Vover = +3.5 V (yellow box). Right: Detector raw data
at different overvoltages in the first 40 ms of measurements, i.e. before the
pulse was triggered. The noise level at Vover = +5.0 V (red) is significantly
higher than at Vover = +3.5 V (light blue) and +1.0 V (dark blue), so that
overvoltages above Vover ≥ 5.0 V are to be avoided.

A.5 Spin tracking using Monte Carlo simulations

It was discussed in Ch. 4.1.1, that numeric solutions of the Bloch equations are necessary
for an estimation of the spin flip efficiency, especially if forces such as gravity and the Stern-
Gerlach force are to be taken into account. Therefore, a Monte Carlo simulation is used,
in which neutrons fly through the magnetic fields in τSPECT while their spin movement
is tracked. Furthermore, if the simulation extends over the entire region of the first high
field peak of B0, estimations with respect to the double spin flip technique can be made.
In order to simplify the simulation, however, analytic approximations of all magnetic fields
was to be found in advance.

A.5.1 Analytic approximation of the magnetic fields in τSPECT

The magnetic fields in τSPECT can be divided into static fields, of which some are scalable
in magnitude, and dynamic fields. The static B0 field is scaled by the current running
through the field generating coils, whereas the fields of both storage and compensation
octupole are fixed. Here, the only free parameters are the position of the compensation
octupole in longitudinal direction as well as the rotational and axial offsets δϕ and δy
between the two octupoles. The magnetic fields of the two spin flippers SF1 and SF2 (cf.
Ch. 6) are dynamic due to their oscillation in the xy-plane with time. They are scalable
in the B1 amplitude, which includes that they can be switched off by setting B1 = 0 mT.
Furthermore, their frequencies and polarisations can be adjusted.
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Altogether, the simulation is to contain all free parameters, which are available in
τSPECT. In summary these parameters are: The current in the main and the gradient
coils Imain, IC3 and IC5, the B1 amplitude of both spin flippers, their frequencies fSF and
phases ∆ϕ, as well as the spin flip position zSF2, which implies the position of SF1 due to
the fixed distance of ∆z = 930 mm.

A.5.1.1 The model for the B0-field

The B0 field is a superposition of a main field Bmain(z) and the fields of the two gradient
coilsBC3(z) andBC5(z) in anti-Helmholtz configuration. As their name suggests, the gradi-
ent coils generate the gradient in the high field region required for SF1 (cf. Ch. 6.2.1). The
field shapes are found partially experimentally and partially by fits to the simulation data
of B0 from the former aSPECT experiment [Sch20]. They are given in Eqs. A.11 to A.13
with their parameters summarised in Tabs. A.1 and A.2.
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BC3(z) = aC3,1 × exp

(
−(z + aC3,3)2

aC3,2

)
+

bC3,1
cosh (bC3,2 (z + bC3,3))

(A.12)

BC5(z) = aC5,1 × exp

(
−(z − aC5,3)2

aC5,2

)
+

bC5,1
cosh (bC5,2 (z − bC5,3))

(A.13)

Table A.1: Parameters for the longitudinal shape of the Bmain field according to the
function given in Eq. A.11. For simplicity, the parameter units are omitted
here.

Index i a b c d e f g h

1 0.031 0.0031 0.022 0.0473 0.0397 −5.28e− 4 2.061e− 5
2 20 17 8.5 4.7999 17.315 70 0.07409 0.0583
3 0.27 −0.23 −0.78 0.3275 0.271 0.19 0.9549 0.8098
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Table A.2: Parameters for the longitudinal shape of the BC3 and BC5 field according to
the function given in Eqs. A.12 and A.13. For simplicity parameter units are
omitted here.

Index i aC3 bC3 aC5 bC5

1 1.252e− 5 2.617e− 4 1.348e− 5 2.819e− 4
2 0.2405 13.3617 0.2406 13.3616
3 0.1185 0.1185 0.1185 0.1185

Including the scaling currents Imain, IC3 and IC5, the total B0 field results in the super-
position

~B0(z) = [ImainBmain(z) + IC3BC3(z) + IC5BC5(z)] ẑ. (A.14)

A.5.1.2 The model for the transversal field Bt

The transversal magnetic field is produced by the superposition of storage and compensa-
tion octupole, where the compensation octupole is located in the region around the second
spin flipper SF2 (centre position at zSF2). Both are separately modelled in xy-direction
using the octupole shape16

~Boct(x, y) =

(
Boct,x
Boct,y

)
= aoct

(
3yx2 − y3

x3 − 3xy2

)
. (A.15)

As the fields of both octupoles do not reach over the entire region of the simulation,
they have to be restricted to a certain longitudinal range. One way to do this would be
multiplying the ~Boct(x, y) amplitude with a step function, which sets the field to zero
outside the defined region. This is shown on the left side of Fig. A.18 in comparison to a
measurement of the storage octupole field by J. Haack [Haa16] at the azimuth angle φ =
275.4◦, which was scaled down to the radius of the unnarrowed neutron guide r = 36.5 mm
(cf. Ch. 3.1.2). However, as this is non-physical, rather a smooth transition between
the full amplitude of ~Boct(x, y) and zero field outside of the defined region is required.
Therefore ~Boct(x, y) is multiplied by a ’shaping’ function of the form

Bshape,z(z) =
2

π
arctan

(
exp

[sπ
2

(
z − z′

)])
, (A.16)

which was found experimentally and is based on the cumulative distribution function of a
normal distribution. The resulting transition is shown on the right side of Fig. A.18. The
parameter s adjusts the smoothness and z′ the position of half maximum amplitude.

Now we have to find the coefficients aoct of the two octupoles. We take advantage of
the fact, that one of the magnetic pole pairs of the field in Eq. A.15 is aligned with the
y-axis. With x = 0 then follows y = |~r| and

Boct,x = | ~Boct| = aoctr
3. (A.17)

16The z-component of the fields is neglected, because even at the edge of the compensation octupole, it
is still a factor of B0/Bz ≈ 200 mT/20 mT = 10 smaller than the B0 field inside the storage volume (cf.
Fig. B.2).
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Figure A.18: Octupole field measurement and field approximation in longitudinal direc-
tion using a step function (left) and a smooth transition function (right).
The field was measured at the azimuth angle φ = 275.4◦ (yellow mark-
ers, the angle was randomly chosen from the data set) and scaled down
to r = 36.5 mm. The field approximation yields | ~BSO

oct(r = 36.5 mm)| =
242.2 mT (cf. Eq. A.17 and Tab. A.3). A sharp restriction of the field
to zSO ≥ 570 mm using a step function is non-physical, so that instead
the ’shaping’ function in Eq. A.16 is used to create a smooth transition
between no field outside and the full field amplitude within the storage
octupole region.

The uncompensated magnetic field measurement is used to deduce aoct for the storage
octupole: The results from the different measurement radii (cf. Ch. 3.2.2.1) are shown
in Fig. A.19 (left). The fit of a cubic function yields aoct = 4981.5 T/m3. The absolute
magnetic field of the approximation in Eq. A.15 was calculated as consistency check.

This procedure cannot be repeated for the compensation octupole, as this one was not
magnetically measured alone. However, from the magnetic field checks of the individual
octupole rings (cf. Fig. A.5) follows an amplitude at r = 39 mm of approximately B =
350 mT. Comparing this result with Eq. A.15 (again with x = 0), aoct = 5900.3 T/m3 is
deduced.

The compensated field results from a superposition of the two individual octupole fields.
From a perfect axial alignment and rotation of exactly ϕ = 45◦ follows a more or less
vanishing residual field. The measurement result of the compensated magnetic field, how-
ever, shows a hexapole structure, which is caused by an axial misalignment by δy (cf.
Ch. 3.2.2.1). This axial misalignment as well as a rotational offset δϕ are included in
the consideration and determined experimentally using Fig. A.19 (right): By variation
of δy and δϕ, the resulting approximated field is brought as close to the measurement
data as possible. The deviation between approximation and measurement is calculated as
Bapprox.(ϕ)−Bmeas.(ϕ). The optimum is found with δy = −2.6 mm and δϕ = 0.2◦.

In summary, the fields for storage (SO) and compensation octupole (CO) are given by
the following equations:

~BSO(x, y, z) = ~Boct(x, y) ·Bshape,z(z) (A.18a)
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Figure A.19: Process of parameter determination for the storage and compensation oc-
tupole analytic fields. Left: Average absolute magnetic field of the storage
octupole (red squares, errors in B corresponding to the standard deviation)
with fit according to f(r) = aoctr

3 (green line). The blue hollow circles
show the resulting analytic approximation given by Eq. A.15. Right: Ra-
dial field component of the compensated octupole field measurement at
r = 25 mm (red squares), the hexapole structure is the result of axial
and rotational misalignments of the two octupoles by δy = −2.6 mm and
δϕ = 0.2◦. The approximation as superposition of Eqs. A.18a and A.18b is
shown in blue. The grey boxes mark the residuals Bapprox.(ϕ)−Bmeas.(ϕ).

~BCO(x, y, z) =
[
R ~Boct(x, y)

]
·Bshape,z(z) (A.18b)

with R a 2× 2 rotation matrix with ϕ = 45◦ + δϕ. The field parameters are summarised
in Tab. A.3.

Table A.3: Parameters of the analytical storage and compensation octupole fields defined
by Eq. A.18a and A.18b. For simplicity parameter units are omitted here.
zSF2 refers to the longitudinal position of the second spin flipper.

Octupole aoct s z′ δy δϕ

Storage 4981.5 80 0.557 − −
Compensation 5900.3 150 zSF2 + 0.08 −0.0026 0.2◦

A.5.1.3 The model for the spin flipper fields

The spin flipper fields BSF1 and BSF2 each consist of two saddle coils, which are positioned
at 90◦ rotation (cf. Ch. 5.1). Each saddle coil generates an oscillating magnetic field in the
xy-plane. The shape of the magnetic fields is approximated using only the straight wires
of the coils at ±x0 and ±y0. Applying Biot-Savart’s law, the field amplitudes of the two
saddle coils are given by



158 A.5. Spin tracking using Monte Carlo simulations

BSF,xy,1 = aSF

(
1√

(x− x0,1)2 + (y − y0,1)2
+

1√
(x− x0,1)2 + (y + y0,1)2

+
1√

(x+ x0,1)2 + (y − y0,1)2
+

1√
(x+ x0,1)2 + (y + y0,1)2

) (A.19a)

BSF,xy,2 = aSF

(
1√

(x− x0,2)2 + (y − y0,2)2
+

1√
(x− x0,2)2 + (y + y0,2)2

+
1√

(x+ x0,2)2 + (y − y0,2)2
+

1√
(x+ x0,2)2 + (y + y0,2)2

)
.

(A.19b)

Here, each term is the contribution by a single wire. The factor aSF scales the field shape
to be equal to 1 at x = y = 0 mm, so that the field is later adjusted by multiplication
with the required B1 amplitude. The longitudinal shape of the field is defined using the
’shaping’ functions17

BSF,z(z) =

{
2
π arctan

(
exp

[
sπ
2 (z + (zSF − z′))

])
for z <= zSF

1− 2
π arctan

(
exp

[
sπ
2 (z + (zSF + z′))

])
for z > zSF

(A.20)

The parameters for the field approximation of SF1 and SF2 are given in Tab. A.4. The
amplitude B1 of the resulting field is left as a free parameter. Furthermore, the oscillation
of the fields in x- and y-direction is included with the frequency ωSF and the phase ∆ϕ.
The total magnetic field approximation of each spin flipper is thus given by

~B1(x, y, z, t) = B1BSF,z(z)

BSF,xy,1(x, y) sin (ωSFt−∆ϕ)
BSF,xy,2(x, y) sin (ωSFt)

0

 . (A.21)

Table A.4: Parameters for the shape of the spin flipper B1 fields according to the func-
tions given in Eqs. A.19 and A.20. For simplicity parameter units are omitted
here.

Spin flipper aSF x0,1 = y0,2 y0,1 = x0,2 s z′

1 0.0115 0.023 0.0398 100 0.068
2 0.008 0.01575 0.02728 100 0.0606

17As in Eq. A.16, the functions and their parameters were found experimentally. With increasing z-
positions, the first equation creates a transition from zero to the full field amplitude (corresponding to a
multiplication of the field amplitude by 1, cf. Fig. A.18), whereas the second function pushes the field
from full amplitude down to zero.
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A.5.2 The Monte Carlo simulation

The Monte Carlo simulation is used to estimate the number of storable neutrons depending
on parameters related to the filling process. Therefore, the trajectories of neutrons with
predefined start parameters (initial energy distribution, start positions in x− y direction,
initial flight angles relative to the z-axis and the initial spin direction as HFS or LFS) are
simulated from the τSPECT entrance to the storage volume. On their way, the neutron
spin movement is tracked by solving the Bloch equations (cf. Eq. 4.1) using the Python3
numerical integrator odeint.

The magnetic fields are implemented according to the analytic approximations in the
previous sections. Fig. A.20 shows the amplitudes of the individual fields for illustration
purposes as seen by a neutron flying along the z-axis at r = 20 mm and ignoring gravity.
The B0 field (cf. Eq. A.14) is generated with the currents Imain = 33 A, IC3 = 20 A and
IC5 = −10 A. In simulations using the single spin flip technique, SF1 is switched off by
setting B1(SF1) = 0 mT, whereas in simulations employing the double spin flip technique
SF1 is set to B1 = 0.5 mT. SF2 is in all cases set to B1 = 0.5 mT as well. At the
black dashed line, the simulation stops and the outgoing neutron parameters (energy, spin
polarisation and positions in the x− y plane) are analysed.

In order to include the correct physical behaviour, gravity and the Stern-Gerlach force
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Figure A.20: Absolute magnetic fields used for the Monte Carlo simulation as seen by a
neutron flying along z at r = 20 mm. Black: B0 approximated by Eq. A.14;
red markers with line: The octupole field with the compensation octupole
located around SF2 (Eqs. A.18a and A.18b); and green: B1 of SF1 (dashed)
and SF2 (solid) according to Eq. A.21. At the black dashed line the simu-
lation stops and the neutrons are analysed for storability. The single spin
flip technique uses initial HFS and converts them to LFS at SF2 (yellow
box) while SF1 is switched off. The double spin flip technique (purple box)
transforms initial LFS to HFS, and back, using both spin flippers.
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(cf. Chs. 2.1.3 and 2.1.4) are included of which the latter is essential in the double spin
flip technique, as it decelerates the initial LFS down to storable energies. Furthermore,
the neutron guide including the narrowing section (cf. Ch. 3.1.2) is implemented with a
variable Fermi potential, allowing for exchanges of the guide material18. In this work, only
quartz glass with VF = 90 neV is used.

A.5.2.1 Optimisation of the Monte Carlo time step sizes

The Monte Carlo simulation consists of small time steps dt, during which the neutrons
travel freely in a direction depending on their current three-dimensional velocity. After
each iteration, the velocity and its direction, and the spin state are reanalysed and updated.

However, it could be shown in preliminary studies, that the resulting spin state after the
simulation has finished depends significantly on the chosen size of dt: With large values,
adiabaticity (cf. Eq. 4.7) is not fulfilled, which is a problem especially in the regions around
SF1 and SF2. The B1 field then changes too fast between each evaluation and the neutron
spin does not follow the overall magnetic field, i.e., it is not spin flipped (cf. Ch. 4.1 for an
introduction into adiabaticity).

If dt is chosen too small, roundoff errors increase by several orders of magnitude, which
is calculated in the following example: We consider a neutron at velocity v = 3 m/s on a
straight flight path along the z-axis from the beginning of the simulation at z = −1.5 m
up to SF2 at zSF2 = 0.98 m and a time step size of dt = 1 ns. This would result in a total
number of iterations of m = 2.48 m/(3 m/s · 1 ns) = 827 × 106. The MC simulation is
written in Python3, which uses float precision at ∼ 10−13. Therefore, the roundoff error
has increased to m × 10−13 ' 8 × 10−5 until the neutron reaches SF2. Depending on
the B1 amplitude, this is already on the same order of magnitude, so that the neutron
spin motion is not simulated correctly anymore. As a result, dt needs to be as large as
possible without violating adiabaticity. The time step size was optimised individually in
three different regions.

1. Region around SF1: The outgoing spin component Sz of an initial LFS (Sz = +1)
after passage of SF1 was analysed depending on dt. The result is shown on the left
in Fig. A.21, each simulation was done with the same amplitude of B1 = 0.5 mT. A
successful spin flip yields Sz = −1, the incomplete spin flip at smaller dt is caused
by roundoff errors and at larger dt by a violation of adiabaticity. The optimum is
determined as dt = 13 ns.

2. Region around SF2: The procedure used for the region around SF1 was repeated
for the interval around SF2 (cf. Fig. A.21, right). Also at SF2, the field amplitude
was set to B1 = 0.5 mT. The smaller RF frequency (fSF2 ' 6 MHz compared to
fSF1 ' 30 MHz) allows for larger time step sizes, so that the optimum is found at
dt = 270 ns, where adiabaticity is still fulfilled.

3. Remaining region: Without a spin flip available for analysis in the remaining re-
gion, we take a look at the spin trajectory in the storage octupole fringe field (here,
the largest changes in the static field occur, which the neutron spin should fol-

18The initial tube diameter is ∅ = 73 mm, which is reduced to ∅ = 50 mm in front of SF2 (cf. Ch. 3.1.2).
The dimensions are taken from [Kah20]. Reflections at the tube walls are purely specular.
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low smoothly). Fig. A.22 shows the result19 for four different time step sizes. It
shows, that large fluctuations occur with dt ≥ 200 ns, whereas a smooth behaviour
is achieved with dt ≤ 60 ns. In order to stay well below the upper limit, dt = 20 ns
was chosen for the time step sizes outside the spin flipping region.

19The y-axis shows the deviation from Sz = +1 for a HFS, which increases as expected, because the
total magnetic field in this region tilts to the transversal plane due to the increasing storage octupole field.
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Figure A.21: Optimisation of the Monte Carlo time step size dt in the region around SF1
(left) and SF2 (right). Initial LFS with Sz = +1 were transported through
the spin flippers, a successful spin flip then results in Sz = −1. The settings
were in both cases B1 = 0.5 mT at circular polarisation (σ+, cf. Ch. 4.1.1.1)
and the resonance 2πfSF = ω0 fulfilled at the centre of each spin flipper.
At SF1, dt is bounded below by floating point roundoff errors and above
by adiabaticity violation. The optimum is found at dt = 13 ns (red shaded
box). Similar limits are valid for SF2, however, here fSF2 ' 6 MHz is much
smaller than at SF1 (fSF1 ' 30 MHz), so that adiabaticity is violated at
higher values of dt. The optimum is found at dt = 270 ns.
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Figure A.22: Optimisation of the Monte Carlo time step size dt in the region outside
the spin flippers, here shown for the storage octupole fringe field. The
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distinguishability. Including a safety margin, dt = 20 ns was chosen as the
optimum.
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A.6 The τSPECT beamlines

The beamline connects the UCN source of the TRIGA reactor to the shutter of τSPECT
and thus guides the UCN towards the experiment. It consists of several straight and bent
tubes with an inner diameter of d = 66 mm made from stainless steel (VF = 190 neV) and
with a low surface roughness Ra ≤ 0.40µm for high UCN transmission20. Ra corresponds
to the average profile height deviations from the mean value per evaluated length.

Three different beamlines were used with τSPECT in this work, which are shown in
Fig. A.23 with the measures of each component listed in Tab. A.5. Beamline No. 1 (a)
was used for the storage measurements in τSPECT with the birdcage resonator as spin
flipper (cf. Ch. 3.6.3). Its positive aspect is the easily adaptable height by exchange of
the vertical tube l2. However, [Kah20] shows, that the UCN transmission through bent
tubes improves with the bending radius. This is particularly important at the bottom part
of the beamline, because with higher radii the impinging angles of the UCN are lower21

and the transmission of neutrons with E & VF improves. Consequently, the beamline
was exchanged to beamline No. 2 (b) for the saddle coil spin flipper measurements in
beamtimes Feb2020 and June2020. In order to investigate the double spin flip technique
(cf. Ch. 6.2.2), beamline No. 3 (c) was used in beamtime Dec2020 : It combines the positive
aspect of large radii bent tubes at the bottom while allowing for easy height adaptions by
exchanging the vertical straight tube l2.

Up to this point, the comparison of the different beamlines refers only to geometrical
and practical aspects. Over the year 2020, a general decline in the UCN output of the
source was measured, which is to current knowledge related to a HD contamination in
the D2 converter (cf. Ch. A.1). Furthermore, after several hours without heat load from

20The straight tubes are electropolished Neumo Pharmatubes of the hygienic class HE5 (Ra ≤ 0.25µm).
The bent tubes are of hygienic class H4 with Ra ≤ 0.40µm

21This is only valid for specular reflection, which is assumed here.

a) b) c)

Figure A.23: Beamline configurations used for measurements with τSPECT in this work.
The dimensions of the components are listed in Tab. A.5. Beamline No. 1
(a) was used with the birdcage resonator spin flipper in beamtime Sept2019,
and beamline No. 2 (b) with the saddle coil spin flipper in beamtimes
Feb2020 and June2020. To allow for high flexibility in height adaption
and to include large radii bent tubes, beamline No. 3 (c) was used for the
double spin flip measurements in beamtime Dec2020.
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Table A.5: Dimensions of the straight and bent tubes used for beamline Nos. 1 to 3 in
Fig. A.23. The first value of the bends b corresponds to the angle coverage
and the second value to the radius.

Measure Beamline 1 (a) Beamline 2 (b) Beamline 3 (c)

b1 45◦, 250 mm 45◦, 800 mm 45◦, 800 mm
b2 90◦, 80 mm 45◦, 400 mm 45◦, 400 mm
b3 − − 90◦, 80 mm
l1 (700 + 280) mm 200 mm 300 mm
l2 440 mm (adaptable) − 800 mm (adaptable)
l3 310 mm − 310 mm

reactor operation (e.g. on weekends) but without making any changes in the τSPECT
setup, stepwise fluctuations in the UCN output both in positive and negative directions
were also observed irregularly, which might be caused by a reformation of the D2 crystal.
This makes a direct comparison regarding UCN transmission difficult.

The problem is discussed further by means of Fig. A.24: The spin flipper power de-
pendency measurement using the saddle coils was done in beamtime Feb2020, first using
beamline No. 1 and then with beamline No. 2 with a weekend in between. The spin flipper
filling position was zSF = 900 mm at fSF = 8.021 MHz in both cases, the neutron counts
N after 50 s storage are normalised to the pulse energy. In order to quantify the overall in-
crease in N , the data at each power setting was averaged and individual increasing factors
calculated. The weighted average of all factors then results in an improved transmission of
28.94± 3.34 % for beamline No. 2. For comparison, the stepwise fluctuations are roughly
on the 10 %-level22, so that the measured improvement might as well be a combination
of transmission effects and changes in the UCN output. However, this result adds to the
argument of improved transmissions through larger radii, so that all measurements in this
work were done using beamline No. 2 except for those in beamtime Dec2020 during the
investigation of the double spin flip technique (cf. Ch. 6).

22To give an example, the average neutron counts measured in a time interval t = [0, 8] s relative to
the thermal peak at t0 (cf. Ch. 3.5) increased from N = 14611(275) to 15690(220) over night in the first
week of beamtime June2020, which gives an increase by 7.4(2.5) %. The data was normalised to the pulse
energy.
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Figure A.24: Comparison between beamline No. 1 (yellow) and beamline No. 2
(turquoise) using the RF power dependency measurement with UCN stor-
age in τSPECT . The spin flipper position and frequency was equal in both
cases (zSF = 900 mm, fSF = 8.021 MHz). After calculating the mean counts
at each power setting and the individual increasing factors, a weighted av-
erage gain of 28.94± 3.34 % is found with beamline No. 2.
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A.7 Hardware and electronics

A.7.1 The motor contol system of the translation stages

The translation stages are a crucial part of τSPECT: Without them, the spin flipping unit
could not be repositioned and moved out of the storage volume (which is required for the
storage of UCN only by magnetic fields), and the detector could not be used for spectrum
cleaning inside the trap and counting the surviving neutrons after storage. The mechanical
setup is the work of J. Kahlenberg and is described in detail in [Kah20], so that here the
focus lies on the electronic part and the remote control.

Both translation stages move their connected components by spindles, which are rotated
by stepper motors. The motors in turn are connected each to a controller (an overview over
the components is provided in Tab. A.6). The controllers contain several input and output
plugs, which need to be configured individually. Furthermore, up to 32 driving profiles,
called records, can be saved internally. A specific record is loaded by applying TTL signals
to the inputs according to the binary representation of the record number subtracted by
1. An additional start signal executes the record.

Table A.6: Electric components used for the translation stages in τSPECT.

Component Translation stage SFU Translation stage detector
Controller Nanotec SMCI47-S-2 Nanotec SMCI33-1
Motor Nanotec ST6018D4508-B Nanotec ST5909L3008-B
Encoder Nanotec WEDS5541-A06 Nanotec WEDL5541-A06

Motor voltage 48 V 24 V

For each controller, one input is configured as ’External Reference Switch’, which is
connected to the two electric end stops of the translation stage. These end stops limit the
driving range and if one of them is reached, the motor stops immediately. The outer end
stop is furthermore used as reference: After powering up the controller, it has no internal
position reference (a so-called ’zero-position’), so that absolute positioning as it is used
for τSPECT is not possible. An internal feedback loop in the controller thus allows only
so-called ’reference runs’ directly after power up, where the motor drives backwards until
the end stop is reached. The position of the end stop is then defined as zero-position.

The translation stage of the spin flipping unit requires two records for every measure-
ment run, one to drive to the filling position and one for the storage position. The detector
translation stage requires three records for driving to the storage position, the cleaning
position, and the counting position. In principle, the records do not have to be changed
anymore in the final τSPECT measurement configuration. However, as long as e.g. the
filling or cleaning process are being optimised, the corresponding positions might change
between measurements.

Thus, a remote control including a user friendly graphical user interface (GUI) was
implemented (cf. Fig. A.25). It allows on the one hand changing parameters of the spin
flipping unit and the detector translation stage without interrupting the measurement
sequence, but also enables remote control of the motors without TTL signals. The current
status as well as current positions are permanently queried and displayed, so that internal
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Figure A.25: GUI of the status surveillance program of the translation stage controllers.

errors of the controllers are directly detected. In addition, the program writes log and
configuration files for later analyses.

A.7.2 The shutter interlock system

The beamline connects the UCN source exit of the TRIGA reactor to the shutter of
τSPECT. Consequently, the vacuum inside the beamline has to be as good as possi-
ble in order not to significantly change the vacuum conditions inside the cryostat (p ∼
1.3× 10−7 mbar). Furthermore, in case of any leakage in the beamline, the shutter has to
close immediately. Therefore, a shutter interlock system was developed, which closes the
shutter automatically if the beamline pressure rises over a predefined threshold (currently,
the threshold is set to p = 8.6× 10−3 mbar for no specific reason).
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The beamline pressure is monitored using a Pirani sensor connected to a pressure
gauge23. The threshold is configured within the gauge; if the pressure is below this thresh-
old, a relay, which is accessible from the outside, is closed. The shutter is moved with
pressurised air and requires a +24 V signal at its control relay to open.

A control circuit is connected between the gauge and the shutter as shown in Fig. A.26:
The +24 V signal from an external power supply is looped through the gauge and connected
to the control box of the interlock. Here, it passes a two-step switch system, the first switch
generally enabling the output of the control box and the second switch changing the mode
of the interlock. These modes can be either automatic mode, during which the shutter is
open as long as the pressure is below threshold, or TTL driven mode, where the shutter
is open only for the duration of an additional TTL signal from the Delay Box. So far,
τSPECT runs in TTL mode. If the pressure rises over the predefined threshold, the +24 V
signal is interrupted by the gauge and the shutter closes.

+24 V GND

Single gauge

DB9

TTL

Interlock control box

MIC29300
5.0 WT Switch 2

Switch 1

Finder 32.21.7.005

+24 V

GND

Shutter1
6
2
7
3
8
4
9
5

VI VO

GND

Figure A.26: Electric circuit of the shutter interlock system. A +24 V signal (red lines) is
looped through the gauge measuring the beamline pressure. Switch 2 sets
the operation mode to automatic or TTL driven mode. By enabling the
interlock control box (Switch 1) the shutter opens if the beamline pressure
is below the threshold configured in the gauge. If the pressure rises over
this threshold, the +24 V signal is interrupted and the shutter closes.

23Sensor: Pfeiffer Vacuum TPR 280; Gauge: Pfeiffer Vacuum TPG261 (single gauge)
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Additional figures and tables

Table B.1: Fermi potential VF of selected materials commonly associated in connection
with UCN.

Material VF in neV Reference

Nickel (58Ni) 335 [GRL91]
Nickel molybdenum (58NiMo, 85%/15%) 311 [KRR+17]
Nickel molybdenum (NiMo, 85%/15%) 225 [KRR+17]
Stainless steel 190 [ADF+08]
Copper (Cu) (natural) 168 [GRL91]
Fomblinr oil 106.5 [MAB+89]
Solid deuterium (2H2) 105 [Ign90]
Quartz glass 90 [ABB+09]
Aluminum (Al) 54 [GRL91]
Water (H2O) −17.6 [GRL91]
Titanium (Ti) −48 [GRL91]

Table B.2: Average pulse energies and their standard deviations of the beamtimes dis-
cussed in this work. Normalisations are scaled only by the average value.

Beamtime Average pulse energy

Sept2019 ESept2019 = 9.95(18) MWs

Nov2019 ENov2019 = 9.61(24) MWs

Feb2020 EFeb2020 = 9.42(24) MWs

June2020 EJune2020 = 9.45(18) MWs

Aug2020 EAug2020 = 9.30(14) MWs

Dec2020 EDec2020 = 9.47(16) MWs

June2021 EJune2021 = 9.76(21) MWs
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B.1 Magnetic field measurements
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Figure B.1: Uncompensated absolute field of the storage octupole in the r − ϕ plane in
comparison with a simulation using COMSOL Multiphysicsr. The centre
of the analysis plane in the simulation is either aligned with the axis of the
octupole (blue triangles), or offset in vertical direction by δy = −0.8 mm
(red crosses) or δy = +0.8 mm (green circles). The measurement results are
shown by the black squares, their shape matching the simulation results at
δy = +0.8 mm best. This indicates, that the rotational axis of the measure-
ment setup was not perfectly aligned with the axis of the octupole but at an
offset in positive vertical direction.



Appendix B. Additional figures and tables 171

Uncompensated field Compensated field

Figure B.2: Depiction of the octupole field maps by components on a measurement radius
of r = 25 mm. Left column: Uncompensated field; Right column: Compen-
sated field. From top to bottom: 1) Absolute field, 2) Radial field compo-
nent, 3) Angular field component, and 4) Longitudinal field component. Due
to the axial misalignment of the compensation octupole by δy = −2.6 mm
during the measurement, the compensated field shows a hexapole structure.
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Uncompensated field Compensated field

Figure B.3: Depiction of the octupole field maps by components on a measurement radius
of r = 20 mm. Left column: Uncompensated field; Right column: Compen-
sated field. From top to bottom: 1) Absolute field, 2) Radial field compo-
nent, 3) Angular field component, and 4) Longitudinal field component. Due
to the axial misalignment of the compensation octupole by δy = −2.6 mm
during the measurement, the compensated field shows a hexapole structure.
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Uncompensated field Compensated field

Figure B.4: Depiction of the octupole field maps by components on a measurement radius
of r = 15 mm. Left column: Uncompensated field; Right column: Compen-
sated field. From top to bottom: 1) Absolute field, 2) Radial field compo-
nent, 3) Angular field component, and 4) Longitudinal field component. Due
to the axial misalignment of the compensation octupole by δy = −2.6 mm
during the measurement, the compensated field shows a hexapole structure.
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Uncompensated field Compensated field

Figure B.5: Depiction of the octupole field maps by components on a measurement radius
of r = 10 mm. Left column: Uncompensated field; Right column: Compen-
sated field. From top to bottom: 1) Absolute field, 2) Radial field compo-
nent, 3) Angular field component, and 4) Longitudinal field component. Due
to the axial misalignment of the compensation octupole by δy = −2.6 mm
during the measurement, the compensated field shows a hexapole structure.
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B.2 Spin flipper parameter optimisation
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Figure B.6: RF timing optimisation of the birdcage resonator using 200 s storage mea-
surements and a normalisation to the average pulse energy. The filling dura-
tion was varied between ∆tfill = 3 s (red) and 4 s (blue) with the filling start
time tfill after the pulse trigger on the x-axis. At each start time, the results
were averaged with the error the standard deviation. A plateau-shaped be-
haviour is visible within errors from tfill = 2 s on for both filling durations,
which is caused by continuous arrival of neutrons in the storable energy range
at the spin flipper.
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Figure B.7: Spin flip position optimisation around zSF2 = 980 mm measured in beamtime
Dec2020 using ts = 50 s storage measurements at P = 80 W with a normal-
isation to the average pulse energy (blue squares, referring to the left axis).
The red line corresponds to B0 at Imain= 33 A (right axis), the calculated
optimum position is marked by the red circle. The expected plateau-shaped
behaviour due to the spin flipper length is confirmed between zSF2 = 970 mm
and 1000 mm.
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B.3 Cleaning

The fits in this section are done using single and double exponential functions

Nsingle(t) = a1 exp(−t/τ1)

Ndouble(t) = a1 exp(−t/τ1) + a2 exp(−t/τ2).
(B.1)

Table B.3: Fit results of single and double exponential functions (cf. Eq. B.1) to the
storage curves measured at ∆tclean = 20 s at the cleaning positions zclean,2 =
1854 mm and zclean,3 = 1864 mm. The corresponding measurement data is
shown in Fig. B.8 (left).

zclean a1 τ1 a2 τ2 χ2/ndf

1854 mm 502.4(28.2) 631.6(89.9) s 3.04
1854 mm 187.9(2123.0) 180.5(1774.0) s 347.5(2257.0) 1109.8(1.1e4) s 3.96

1864 mm 448.6(11.8) 656.3(44.7) s 0.62
1864 mm 134.4(100.4) 51.3(58.1) s 404.8(41.8) 785.1(148.5) s 0.46

Table B.4: Fit results of a single and a double exponential function (cf. Eq. B.1) to the
storage curve measured at ∆tclean = 40 s at the cleaning position zclean,2 =
1854 mm. The corresponding measurement data is shown in Fig. B.8 (right).

zclean a1 τ1 a2 τ2 χ2/ndf

1854 mm 450.7(11.1) 683.3(33.2) s 0.70
1854 mm 85.7(113.5) 53.7(89.1) s 425.8(30.0) 730.3(65.2) s 0.70
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Figure B.8: Storage curves measured with cleaning of durations ∆tclean = 20 s (left) and
∆tclean = 40 s (right) at the cleaning positions zclean,2 = 1854 mm (blue) and
zclean,3 = 1864 mm (red, not measured at ∆tclean = 40 s). The solid line
corresponds to a single exponential fit to the results at zclean,2, the dashed
line to a double exponential fit to the same data (cf. Eq. B.1). The fit
parameters are listed in Tabs. B.3 and B.4.

Table B.5: Multi-dimensional fit results of a single exponential function (cf. Eq. B.1)
to the storage curve measured at ∆tclean = 200 s at the cleaning position
zclean,2 = 1854 mm. The corresponding measurement data is shown in Fig. 7.1.

Measurement day Parameter Value

June 28th a1
1 476.66(13.03)

June 29th a2
1 556.85(10.25)

June 30th a3
1 592.23(10.73)

July 01st a4
1 573.77(9.95)

July 02nd a5
1 604.50(14.77)

July 05th a6
1 636.42(9.85)

July 07th a7
1 628.36(10.25)

July 08th a8
1 645.79(9.94)

July 09th a9
1 650.00(12.47)

τ 858.59(15.52) s

χ2/ndf 1.14
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