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Abstract

Sona-transition units have been used since 1967 [1] to conduct non-adiabatic tran-
sitions between Zeeman states. Their energy levels depend on the external mag-
netic field. This means that spins and the external magnetic field have an opposite
relative orientations after the particle beam passed through the Sona-transition re-
gion, which is an area of rapid inversion of the B-field. The Zeeman states will
be changed as well, because they are equivalent to combinations of electron- and
nuclear-spin orientations. In experiments [2][3] an unexpected effect had been
observed though, that presented itself as oscillations of the measured intensities
or polarizations when changing the magnetic field strength in the Sona-transition
region. Only quite recent, this effect could be explained [4]: The spatially oscil-
lating magnetic field of the Sona-transition unit acts on passing atoms as coherent
photons. Here the magnets are aligned parallel to the beam line with a primary
longitudinal magnetic field. The photon-like interaction between atoms and the
B-field is mainly caused by the higher order radial component of the magnetic
field. Therefore, a new setup with magnetic fields orthogonal to the beam line
was developed. This new transversal Sona-transition unit consists of two coil
pairs to produce opposing magnetic fields and was tested by varying several pa-
rameters like the distance from the beam axis to the coils or the position along
the beam line. The corresponding results confirm simulations that are made in
parallel for this new magnetic field configuration. Thereby, it was observed that
just one coil pair and its transversal magnetic field is already enough to induce
transitions within the hyperfine states.



Zusammenfassung

Sona-Transition-Units werden seit 1967 [1] genutzt um nicht-adiabatische Uber-
ginge zwischen Zeemanzustinden durchzufiihren. Deren Energielevel hingen
von der relativen oriendierung von Elektronenspin, Kernspin und externem mag-
netischen Feld ab. Wenn also das Vorzeichen des externen Magnetfelds schnell
um 180 ° gedreht wird, konnen so die Besetzungszahlen bestimmter Zustind
getauscht werden. Dieser Effekt kann z.B. genutzt werden um eine zuvor erzeugte
Elektronenspin-Polarisation in eine Kernspinpolarisation umzuwandeln.In Ver-
suchen [2][3] wurde allerdings ein unerwarteter Effekt beobachtet, der sich als
Oszillation der gemessenen Besetzungszahlen bzw. Polarisationen zeigt, wenn das
Magnetfeld in der Sona-Transition-Region gedndert wird. Erst vor kurzem konnte
dieser Effekt erklédrt werden [4]: Die rdumlich oszillierenden magnetischen Felder
der Sona-Transition-Unit wirken wie kohdrente Photonen auf hindurchfliegende
Atome. In diesem Fall sind die Magnete parallel zum Strahlrohr ausgerichtet,
was ein primir longitudinales Magnetfeld erzeugt. Die photonenihnliche Inter-
aktion zwischen Atomen und dem Magnetfeld wird hauptsichlich durch die ra-
diale Komponente hoherer Ordnung des Magnetfelds erzeugt. Daher wurde ein
neuer Aufbau mit Magnetfeldern orthogonal zum Strahlrohr entwickelt. Diese
neue transversale Sona-Transition-Unit besteht aus zwei Spulenpaaren, die ent-
gegengesetzte Magnetfelder erzeugen. Durch die Variation mehrerer Parameter,
wie dem Abstand zwischen der Strahlachse und den Spulen oder der Positon ent-
lang des Strahlrohrs, kann deren Einfluss auf die Besetzungszahlen der Zeeman-
Zustinde gemessen werden. Die entsprechenden Ergebnisse bestitigen Simula-
tionen, die parallel fiir diese neue Magnetfeldkonfiguration durchgefiihrt wurden.
Dabei wurde bemerkt, dass ein einzelnes Spulenpaar und sein transversales Mag-
netfeld bereits ausreichen um Ubergiinge innerhalb der Hyperfeinzustinde anzure-
gen.
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1 Introduction

Spin is a quantum mechanical property of most objects in atomic and subatomic
physics. In experiments it usually shows up as an angular momentum, a magnetic
dipole moment or due to the Pauli principle it is determining the configuration of
electron shells and the stability of nuclear isotopes or the cross section of many
nuclear reactions. It already found its way into everyday technology, such as NMR
imaging, where a small surplus of about 10~ of the nuclei are spin polarized.
Therefore it is important to be able to measure and produce spin polarization for
many research purposes but also for possible future industrial applications like
energy production with nuclear fusion.

In nuclear fusion reactors the cross section of the reaction t(d,n)c at the exact
same temperature and density conditions can theoretically be increased by 50 %,
when the fuel is polarized. The reason is that out of six possible nuclear spin
combinations of a colliding deuteron and triton only four can fuse, because an-
tiparallel spins cannot form the intermediate product >He with a nuclear spin of
3/2. Such an increase of the reaction cross section and power density also increases
the plasma temperature which corresponds to a higher number of collisions with
larger collision energies, increasing the power output even more.

In research spin is relevant in various fields. For example spin orientations
are important for energy levels in atomic physics. The weak interaction prefers
reactions with one helicity of neutrinos, i.e. the relative orientation of spin and
movement direction. Electric dipole moments (EDM) are a proposed property
of elementary and subatomic particles, that is tied to their spin. To do research
about concepts related to spin, usually polarized sources are required and often
experiments are conducted using particle accelerators.

There are several options to create spin polarization. One type of polarized
source is an atomic beam source (ABS) with a subsequent region of inhomoge-
neous magnetic field, that use the Stern-Gerlach effect to separate atoms of differ-
ent spin orientation by their magnetic dipole moment. A second type of polariza-
tion method is to pump states optically. Thereby, the particles in the lower energy
spin state are excited with light or other electromagnetic radiation to a state, that
decays mainly into the higher energy spin state. This method can only be used
to polarize the electron spin of an atom or ion, because states, that differ only by
nuclear spin have too small energy differences. Lamb-shift sources are a third
type of polarized source. They polarize the electron spin of atoms or ions in the
metastable 25, ,-state by coupling atoms with one electron spin orientation to the
short lived 2Py ,-state. This atoms decay to the ground state and only atoms with
the other electron spin orientation remain in the 25, ,-state. With more advanced
methods, the nuclear spin can be polarized as well (see section 2.2).

These technologies can also be used to measure polarization. Additionally



nuclear polarization can be measured by colliding nuclei with specific targets, so
that the products have different solid angle distributions depending on the nuclear
spin polarization. By observing the precession of spins and measuring inductive
effects or the transfer of angular momentum, spins can be detected as well.

Pumping optically can only produce electron spin polarization and current
Lamb-shift methods can only measure nuclear spin polarization if the regarded
atoms have a specific electron spin configuration. To overcome such limitations a
Sona-transition unit has already been proposed in 1967 [1]. Here the non-adiabatic
transitions are conducted by rapidly inverting the magnetic field polarity. In case
of hydrogen-like atoms or ions with nuclear and electron spin 1/2, the states of par-
allel electron and nuclear spin are interchanged while the states with antiparallel
electron and nuclear spin are not transitioned. This means that a beam of electron
spin polarized particles can be turned into a nuclear spin polarized beam or vice
versa.

This principle has already been used in experiments. For example, electron
spin polarized atomic hydrogen beams got successfully turned into nuclear spin
polarized atomic beams in 1977 for atoms in the metastable 2S;/,-state [2] and
in 2007 for atoms in the 1S/, ground state [3]. Thereby, Lamb-shift methods or
optical pumping are used to produce electron spin polarization in the first place.

The conducted experiments did not only find the expected non-adiabatic tran-
sitions, but also found unexpected oscillations of the occupation numbers of the
hyperfine substates depending on the magnetic field strength near the Sona-transi-
tion region. This behavior is now recognized as the Okorokov effect [5][6]. The
particles experience an oscillating magnetic field, when passing through a Sona-
transition unit, which is equivalent to what they experience when interacting with
photons. Therefore, the oscillations can be interpreted as resonances of multi-
photon transitions between the Zeeman states [4]. Such transitions can only be
conducted if the angular momentum is conserved. In such a multi-photon transi-
tion the spin angular momentum of the photons, which is £1 in %-units for each
photon, have to add up to the difference between the total angular momenta mpg of
the initial and final Zeeman state. For Zeeman states, that are energetically close
to each other in hydrogen atoms, this difference is 4+=1. To fulfill this condition,
only an odd number of photons is able to induce " transitions [7]. By calculat-
ing the energy of a single photon and multiplying it with the number of photons,
the energy difference between two Zeeman states can be measured at a resonance
point, which opens the possibility to conduct spectroscopy of the Zeeman states
with this method.

A possible future application of a Sona-transition unit is the bound beta decay
experiment (BOB), that shall measure the Zeeman states of metastable hydrogen
atoms that are produced by the reaction n — 'H + v, and verify predictions of
the occupation numbers. One specific Zeeman state, the creation of which is
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prohibited by parity rules, is not easily to singled out with current Lamb-shift
methods (see section 2.2) but may be measured by using a Sona transition. For
this experiment to be successful understanding the atomic behavior in a Sona-
transition unit is crucial.

In this thesis a Lamb-shift method is utilized, that uses a modified Lamb-shift
polarimeter. Such a Lamb-shift polarimeter takes a potentially nuclear spin po-
larized beam of atoms, molecules or ions into a partially metastable atomic beam
by ionizing it, if necessary, and neutralizing it again in a cesium cell (see sec-
tion 3.4). By deexciting all atoms, that do not have a specific nuclear spin state
(see section 2.2), measuring the amount of remaining metastable atoms and re-
peating this measurement for each possible nuclear spin state, the relative amount
of particles in each nuclear spin state, i.e. the polarization, can be calculated.

To measure the behavior of spin systems in a Sona-transition unit, a beam of
polarized metastable atoms is produced and send into a Sona-transition unit. After
passing it, the metastable atoms are filtered by spin state and measured like in an
unmodified Lamb-shift polarimeter.

Simulations without a radial B-field component suggest that the transversal
component is responsible for the Okorokov effect, because these simulations show
no oscillations. In longitudinal Sona-transition units that consist of magnets aligned
parallel and antiparallel to the beam to create a rapid inversion of the magnetic
field direction the radial component is just a higher order effect, that is primarily
proportional to the distance from the beam-pipe center. This inhomogeneity of a
B-field component, crucial for the observed effect, might cause unclear results be-
cause in the end the average is taken over the entire beam. To avoid this potential
problem, a new kind of Sona-transition unit is proposed. Instead of having mainly
longitudinal magnetic fields, this transversal Sona-transition unit uses magnets
that are aligned orthogonal to the beam line. These explicitly created transver-
sal field is more uniform throughout the beam cross section, which means, it has
a more similar effect on all atoms within the beam, making it easier to produce
better fitting simulations. The aim of this thesis is to simulate the induced Sona
transitions for the new field configuration and do conduct the corresponding mea-
surements to validate the predictions.






2 Theory

2.1 Energy levels of the hydrogen atom
2.1.1 Bohr and orbitals

The energy levels creating the spectral lines of hydrogen-like atoms and ions were
first described by Niels Bohr with the equation

£ — 1 2.7\’ Me |
" nz'(47reo) oR?’ )
using the electron mass m, and the nuclear charge number Z. These energy levels
E, define the possible electron shells, that exist in a system consisting of a nucleus
and an electron, a so called hydrogen-like atom. In atoms or ions with more
electrons the same shells exist but have different energies, due to the charge of
further electrons changing the effective potential of the first electron.

Later these energy levels could be explained with orbitals. These also predict
the existence of a number of possible azimuthal quantum numbers / and corre-
sponding magnetic quantum number m; for each principal quantum number n. In
the n-th shell exist n possible [ < n with [ € Ny and for each [ exist 2 / 4 1 possible
values for m; € Z in the range —1 < m; < [.

These quantum numbers define the number of possible orbitals in each shell.
As the electrons have a spin of s = 1/2, the additional spin quantum number
is £1/2 and the exclusion rules of the Pauli principle allow two electrons with
opposing my in one orbital. As the number of electrons in the most outer shell
of a ground state atom shapes the chemical properties of the corresponding ele-
ment, elements with increasing atomic numbers Z periodically have similar prop-
erties. Arranging the known elements by their properties, that are influenced by
the number of electrons allowed in each electron shell, gives the periodic table of
elements.

2.1.2 Fine structure

If one takes into account, that the orbital angular momentum L and the spin S
combine to a total angular momentum of the electron f, one realizes, that there
exist multiple possible values for |L — S| <J < L+ S. Each of these states has a
slightly different energy level, due to the magnetic dipoles

—
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and

—

ar = —gluB%, (A1), = —gskpmy, 3)
created by the electron charge and the angular momenta interacting with each
other. This splitting of the Bohr energy into multiple states is called fine structure.

Apart from this spin-orbit interaction, relativistic corrections of the solutions
to the classical Schrodinger equation are also part of the fine structure, as well as
the Darwin term that includes the influence of quantum fluctuations on the energy
levels.

2.1.3 Lamb shift

A closer inspection of the fine structure states reveals, that there can be multiple
ways to achieve a specific J by adding / and m;. For example, the J = 1/2 state of
hydrogen atoms with their electron in the second shell (n = 2) can be achieved by
combining the angular momentum quantum number / = 0 and the spin quantum
number m; = 1/2 but also by combining [ = 1 and m; = —1/2.

This means, that in this case J = 1/2 can be realized with s-orbitals (I = 0)
or with p-orbitals (/ = 1), which have different probability density distribution
around the nucleus (see fig. 1). There are three reasons, why these energies of
these sub states differ.

Figure 1: s-, p-, d- and f- orbitals (top to bottom) of hydrogen atoms (source: [8, p. 128]).

First the electron has different self energies, because the potential is not a per-
fect coulomb potential in the nucleus, where orbitals with / # 0 have a negligible
probability density while the s-orbital with / = 0 has a higher density in this re-
gion. A second effect is, that the probability densities of different orbitals change
the vacuum polarization. Therefore, the energy levels of electrons with differ-
ent orbital angular momenta / shift differently. Third the anomalous magnetic
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moment of the electron contributes to this energy difference AEy op. It is called
Lamb shift. For example, difference between the s- and p-orbital in the n = 2-shell
of hydrogen atoms is 4.4 [eV between 25 /; and 2Py , (source: [9, p. 22]).

2.1.4 Hyperfine structure

When including the nuclear spin I in addition to the angular momentum of the
electron J, these combine to a total angular momentum F analogue to the combi-
nation of L and S (see section 2.1.2). As a result F can obtain one of |J — 1|+ (J +
I)+ 1 values in the range |J —I| < F < J+I with different energies, caused by the
interaction of the magnetic dipoles of the electron and the nucleus. The energy
difference is proportional to the hyperfine constant A.

For J = 1/2, which is the only J relevant in this thesis, and the proton spin
Tproton = 1/2 the possible total angular momenta are F = 0 and F = 1 (see fig. 2)
with the magnetic moment of the proton spin

-

. 1

ur = _8p.ukﬁ- 4)
The angular momentum quantum number mf has only one possible value mrg =0
for F = 0, but three possible values mr = —1,0,1 for ' = 1. Such states can also

be seen as superpositions of the combinations of the electron angular momentum
quantum number m; and the nuclear angular momentum quantum number m;.
A superposition can only exist between states, that correspond to the same mpg
though. In an atom with J = 1/2 and I = 1/2 superpositions are composed like

|F = l,mp = 1> = |m] = 1/2;m[ = 1/2>
F=1,mp=0)= % (1122 —1/2) + |~ 1/2:1/2))
F=1Lmp=—1)= |1z 1))

F=0,mp = 0) = %(Wz;—lm i217).

(&)

The states with mp = 0 are called "mixed” states because they are a superposition
of two spin states, while the states with mp = £1 are called "pure” states.

2.1.5 Zeeman effect

Each state corresponding to a specific F' can be split into 2 F' + 1 degenerated sub-
states, which are each assigned to a value of the quantum number mf in the range
of —F < mp < F. This quantum number represents the projection of the total an-
gular momentum F onto the main quantization axis z. Because of the charge dis-
tribution in the atom, the angular momentum F corresponds to a magnetic dipole,
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which can interact with an external magnetic field B and create separate energy
levels for each Zeeman state corresponding to an F and mp if B # 0.
In the Paschen-Back region with B-fields higher than a critical field
_ AEyps

B. = 6
s ©6)

[9, p. 19] the eigenstates converge to the energies of atoms with pure electron
spin states and a nuclear spin interacting with the combined magnetic field of the
external field and the electron field (see fig. 2). This is why in the Paschen-Back
region a huge split is created by the electron angular momentum J with a large
magnetic moment and a small split is created by the nuclear spin / which has a
much smaller magnetic moment.

E[AEnFs]

'
(NI

Zeeman region Paschen-Back region
=2 T T T T
0 1 2 3

B[Bc]

Figure 2: Breit-Rabi diagram of hydrogen in the 28y, state.

In the Zeeman region with weaker magnetic fields, i.e. B < B¢ the eigenstates
are no longer necessarily the states with pure my- and m;-combinations; instead
the my- and my-combinations which add up to the same total angular momentum
quantum number mg mix and form superpositions. For B = 0, this corresponds to
the hyperfine energy levels of the possible values of F'.

For an easier description of these states a new convention is established. First
the states are numbered from highest to lowest energy. In case of a fine structure
state 25, the Zeeman sub-states that have an m; = 1/2 i.e. an electron spin paral-
lel to the external B-field, get the prefix "o and the states with m; = —1/2, i.e. an
electron spin antiparallel to the external B-field get the prefix ”” (see figs. 2
and 3). The sub-states of the 2P, Jo-state are labeled with ’e” and ”’f” (see fig. 3)
instead.



2.2 Spinfilter

The purpose of a Spinfilter is to quench metastable hydrogen atoms to the ground
state but to let atoms in specific Zeeman states pass through (see section 3.5).
Existing spinfilters operate at B-field strengths, where the 8- and e-branches are
energetically close to each other.

This energetic degeneration enables an additional electric field to couple these
states via Stark effect to each other and induce transitions of the atoms in the
B-states into the e-states, from where they decay to the 1§/, ground state (see
fig. 4). The remaining metastable atoms have a polarized angular momentum of
the electron J, when only a-state atoms with m; = 1/2 pass through.

1609MHz

E [peV]

0] 10 20 30 40 50 60 70 80
B [MT]

Figure 3: Breit-Rabi diagram of hydrogen in the 2Py ),- and metastable 2S),-state.
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Figure 4:  Lifetime of metastable hydrogen atoms in an electric field of E = 20 V/cm
depending on the magnetic field B.

To also polarize the nuclear spin, radiation with a frequency of f = 1609 MHz
is applied and induces transitions between the - and e-states (see fig. 3), which
allows them also to decay. If the magnetic field B is tuned precisely to the value,
where either the oc1-el-transition or the a2-e2-transition is resonant, the atoms
that were in the corresponding «-state before entering the spinfilter are able to
oscillate between the - and e-state and have a chance, not to decay into the
ground state (see fig. 5).

al peak
— a2 peak

signalla.u.]
]

|

50 52 54 56 58 60 62 64
B[mT]

Figure 5: Intensity of metastable hydrogen atoms of an unpolarized beam after passing
through a spinfilter depending on the magnetic field B.
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Because the (-states are always quenched in such a spinfilter design, they
are not able to be separated in such a spinfilter and only «-states can easily be
observed.

2.3 Sona-transition unit
2.3.1 Classical Sona transitions

Initially, the Sona-transition unit was invented to produce nuclear polarized beams
of metastable hydrogen atoms [1]. To do so, a beam of metastable hydrogen atoms
would get electron spin polarized by quenching the -states with magnetic and
electric fields the same way they are quenched in a spinfilter. If the B-field strength
is turned negative (see fig. 6), the direction of the magnetic field is flipped from
parallel to antiparallel to the beam axis. During this process the & 1- and 33-states
switch binding energies and the occupation numbers of these states are exchanged.
This would enable the production and measurement of metastable hydrogen atoms
in the 3-state by combining a spinfilter set to a1 and a Sona-transition unit to
switch between the o 1- and f33-state [1].

my — F=Lme=1 my
. = = 1
1047 ¢ i 1 mr '
J/ T - T 1
F=0,
0.5 A
S
g
= 0.0
w
—0.5 -
1 r/\l '
—1.01 T, [
-15  -10 -5 0 5 10 15
B [mT]

Figure 6: Zero-crossing of the energy levels of 2S-hydrogen atoms with the electron
angular momentum J = 1/2 and nuclear spin I = 1/2.

To prevent precession of the spins while moving through an area with weak
and diffuse B-fields, magnets with opposing polarity had been placed before and
after the zero-crossing, creating a nearly linear gradient of the longitudinal mag-
netic field (see figs. 7 and 8). For the classical adiabatic Sona transition, the in-
version of the orientation of the B-field. One should also keep in mind, that the
orientation of the magnetic fields in each spinfilter should be aligned with the
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Sona magnet closer to it. Otherwise more zero-crossings are created disturbing
the measurement.

2.3.2 B-fields of the longitudinal Sona-transition unit design

H coils

—— beam axis 4
—— magnetic field lines

& &>

b A4 &

Figure 7: Scheme of the B-field of a longitudinal Sona-transition unit.

The magnets creating the opposing magnetic fields around a zero-crossing are
solenoid coils, that are aligned to the beam axis but have opposing polarities. They
generate magnetic field lines heading towards each other. Magnetic field lines can
not just end, so they have to be diverted to the side (see fig. 7). Therefore, in an
apparatus with a rotational symmetry like a longitudinal Sona-transition unit, a ra-
dial component is created, where the longitudinal field strength changes. Further,
the strength of the radial component increases with the distance to the symmetry
axis r, as more field lines have to be diverted when considering a larger radius. On
the other hand, in a perfectly symmetrical setup, no radial or transversal B-field
component exists on the beam axis with r = 0 and only the longitudinal compo-
nent remains.

For the calculation of an estimated radial field, it is assumed that the longi-
tudinal magnetic field B, is homogeneous over the cross section of the beam and
the whole field has a rotational symmetry. Under these conditions the amount of
longitudinal field component dB;, ending within an infinitesimal length dz and a
circular cross section has to exit this infinitesimal cylinder through its mantle as
the radial magnetic field component B,..

This consideration is equivalent to using the Gaussian law for magnetism

V-B=0 (7)
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to find an approximated radial component for a longitudinal magnetic field with
varying strength. The result of both derivations is

B, — _dB; r (8)

dz 2

This equation can be used to create approximations of the transversal component
of the magnetic field near the beam axis in the longitudinal Sona-transition unit.
Figure 8 shows an example of an extrapolation from a measurement using this
method.

4 .
—— By
3 By
Bz
2 -
1 -
=)
-1 4
_2 -4
_3 e
-4
0 5 10 15 20 25 30 35

z[cm]

Figure 8: B-field of a longitudinal Sona-transition unit 1 cm off the beam axis in x-
direction.

2.3.3 Okorokov effect

Several research groups conducted experiments trying to utilize a Sona-transition
unit [3] or similar apparatuses [2] and some of them observed oscillations when
changing the current in the Sona-transition unit.

A recent explanation is, that atoms passing a polarity inversion of the magnetic
field experience similar fields like when they are interacting photons (see fig. 8).
Therefore, the magnetic fields are acting as photons on the magnetic dipole of
the atoms [4]. Le., the spatially oscillating magnetic field appears in the system
at rest of the atoms as a singe incoming electromagnetic field oscillation. Here,
the electric field component is induced by the magnetic field changing in time
following the Maxwell equations. This photon effect is called Okorokov effect,
which initially got discovered for particles experiencing periodic fields in crystals

[51[6].
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Figure 9: B-field of a longitudinal Sona-transition unit on the center ray in relation to

the current. The half wavelength between the maximum and the minimum is additionally
drawn in.

The wavelength A of this magnetic wave (see fig. 9) can be converted to a
photon energy Ey using

%
f= R )
Ey=h-f (10)

and the velocity of the particle v. The observed oscillations result from resonances
at several values of the energy differences AEq; o2 and AE, g3 between the a1,
a2 and B3 Zeeman state. For small fields B < B¢ (see fig. 2) these states have
smaller energetic differences between each other than they have to the fourth state
P4, because at B = 0 they degenerate to the substates mp = —1,0,1 of F = 1.
Under these conditions the B4-states is the F = 0, mp = 0-state, that is separated
from the others energetically by the hyperfine structure energy AEyrs.

olo2- and a233-transitions are Amp = =+1-transitions, that are induced by
the radial component of the field oscillations. For this reason the radial field,
that is highly dependent on the position in the beam (see eq. (8)), of longitudinal
Sona-transition units is crucial for the Okorokov effect.

If the Amp between two Zeeman states is 1, the absorption of an odd number
2 n—+ 1 of photons can induce a transition. The spin angular momenta, which
can be +1 for each photon need to add up to Amp, which is not possible for an
even number of photons. The transition can only occur, if the energy difference
AEq1 a2 Or AEg), g3 is resonant, i.e. corresponds to the energy of the absorbed
photons, which is 2 n+ 1 times the single photon Energy E,.
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The magnetic field strengths at which this condition is met differ for or1 @2-
and a2f3-resonances, because the energy difference of this resonances behave
differently (see fig. 10).
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Figure 10: Energy differences in the Breit-Rabi diagram of metastable 25, hydrogen.

Breit-Rabi diagram of metastable H (2S,,,)

Binding Energy [10~8 eV]

Figure 11: Measurement with both spinfilters set to a1, compared to the 2 n+ 1-photon
resonances (source: [4, Graphical abstract]).

Attempts have been made to match the peaks or valleys of the oscillations to
resonances (see fig. 11). These attempts had a low precision, as many transitions
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happen at the same time (see fig. 12), which distorts the peaks. This implies that
the effect of the probability of one transition changes depending on the resonance
of the other transition. Thus simple analyses these Sona spectra are insufficient
for achieving high precision.
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E(a2) 1
— altof3
a2 to a2
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E(B3)
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z[a.ull

Figure 12: Scheme of multi-photon induced transitions in a Sona-transition unit.

2.3.4 Precession of angular momenta and magnetic moments

An alternative but equivalent concept to the more intuitive photon- or Okorokov-
effect image is the concept of spins and other angular momenta being rotated
in space by external magnetic fields and magnetic fields within the atom. To
calculate the time evolution of a system of Zeeman states interacting with external
B-fields, the Schrodinger equation needs to get solved for this system. To calculate
the behavior of a known ensemble of particles, the density operator formalism can
be used to describe the system in an orthonormal basis of eigenstates.
With this formalism the Schrodinger equation is transformed into the von Neu-
mann equation
dp i A
O ——1.p)
with the density operator p and Hamilton operator H. With given initial states
and magnetic fields over time a numerical solver for differential equations can
simulate the time evolution of spin states.
The von Neumann equation (see eq. (11)) gets exploited to simulate the spin
dynamics of metastable hydrogen atoms in the Sona region. It is written as a set
of coupled differential equations in the uncoupled representation |my,m;) for a

(11)
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numerical approach. Using Clebsch-Gordon coefficients this basis can easily be
converted back and forth into the coupled representation, which consists of four
states characterized by F = 1,0 and mp € Z, |mp| < F for hydrogen atoms with
J=1/2and I =1/2 (see eq. (5)).

The Hamilton operator, an essential part of the von Neumann equation, of the
spin and angular-momentum system of a hydrogen atom, which has its electron in
a given shell n € N, is described by

A = ALy Sy +A S+ (g,-u%—gm%) y: (12)
(source: [10, p.16, eq. (75)]).

It contains a term describing the Lamb shift, which is an interaction between
the spin S and orbital angular momentum L, a second term describing the hyper-
fine structure as an interaction between the nuclear spin I and the total angular
momentum of the electron J and a last term describing the Zeeman effect as an

interaction of I and J with the external magnetic field B.
The commutator in the von Neumann equation can be written as

[A,pl=H-p—p-H. (13)

To write the von Neumann equation as a calculable equation each term of the
Hamilton operator has to be multiplied with the density operator like in

(my,my|Jy-p ‘m/,m1l>
= (my' ,m/| (J4-p)¥ |my,my)*
= (my ,m/ | IA)TJi |my,myp) |JjL =J_,p'=p
= <mJ',m/|[)J_ |my,myp) (14)
=cj—-(my \m/| p |ms,my)
=cy— - (my,my| pT|my s m/y  1pT=p
=cj— - (my,my| p |m)’ ,m;")
= I~ Pmympsmy' my'
where J; is used as an example to calculate the product with p in the (my, m;|m;";m;’)-
base representation. The factor c¢;_ is an example for the abbreviation of the term

Crr = V/x(x+1—me(my£1)), (15)

that exists as ¢y, cj—, ¢y and ¢;—. After repeating similar calculations for all
terms, the differential equation for metastable hydrogen in a magnetic field is
found to be
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A A / /
Pmy mpmy! my’ = <mJ7mI|P |mJ 7m1>
i , ;oA / oA
:£{A/2 “CJ— " Cly " Pmympzmy’—1,my'+1 +A/2 “CI4 " CI—* Pmympzmy'+1,my'—1

_A/2 €I+ Cl- 'ﬁmj+l7m1—1;mj’7m1’ _A/2 "CJ—Cl+ 'ﬁmj—l7m1+1;mj’7m1’
+A-(mymi' —my-mp) - Py mpmy my
+g1»uB([CJ/— 'fjmj,ml;m/fl,m/ +CJ/+ 'fjmj,mI;mJ’qu,m]’
—Cj— Py mpmy m? — €I+ 'ﬁmj+1,m1;mj’7m1’] +By/2
+ [CJL Py mpsmy'—1my) — CJ/+ Py mmy'+ 1y (16)
+cy- 'pmjfl,mI;mJ’,mI’ —CJ+ 'fjmj+1,m1;m/,m1’] ~1By/2
+ (l’}’l]/ —my)- By ﬁm;,m,;mj’,ml’)
+g1.uk([_C1L 'ﬁmj,mI;m/,mI’—l - cll+ 'ﬁm;,ml;m/,m/—o—l
+cr-+ 'fjmj,m[fl;mj’,m/ +cr+ 'fjmj,mhtl;m/,m[’] 'B"/2
+ [—Cll_ : ﬁm,,m;;mﬂ,ml’—l +Cll+ 'pmhml;mj’,ml’-i-l
+cr- 'ﬁm;.,mlfl;mj’.,m]’ —CI+ 'ﬁm;,mﬂrl;m/,mﬂ] -iBy/2
+ (ml - mll) 'BZ : ﬁmj7m1;mj’,m1’)}'

In the simulations conducted in this thesis only atoms in the metastable 2§
state with / = 0 were simulated, therefore, the Lamb term becomes zero and irrel-
evant for the simulations. The Stark effect quenching metastable atoms through
the 2P/, to ground state is also neglected in the simulations, because for small
magnetic fields the lifetime of Zeeman states does not differ significantly (see
fig. 4) and, therefore, the ratio between the occupation numbers would not change
when the Stark effect is included. The magnetic field varies throughout the beam
cross section, creating differences in the simulations of the development of the
spin systems along multiple rays through the beam pipe. Those simulations are
weighted corresponding to a fitted or assumed beam density distribution.

2.3.5 Fit of Simulations

The approached attempt in this thesis is to simulate the spin dynamics of metastable
hydrogen atoms passing through the Sona-transition unit and trying to match the
results to measured Sona spectra. For this purpose first of all the magnetic field
B(x,y,z(t)) of the Sona transition must be optimized. In a next step the g-factors
of the electron and proton, which are essential for the simulation can be used as a
fit parameter as a new way to determine their values.
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2.3.6 Time reversal

A particle that enters an apparatus like a Sona-transition unit in an arbitrary ini-
tial state 1 has probability Py , to be measured in an arbitrary final state 2 when
leaving it. An important rule in quantum mechanics is, that processes can run in
reverse just as they can run forward. Therefore, another particle of the same kind
that passes through the apparatus in the reverse direction and starts in state 2 will
have the same probability Py » to leave the apparatus in state 1.

In the conducted experiments, the first spinfilter specifies Zeeman state 1 of
metastable atoms entering the Sona-transition unit and the second spinfilter mea-
sures the amount of atoms leaving it in state 2.

If the Sona-transition unit is symmetrical, swapping the spinfilter settings is
equivalent to a time reversal. The reference system is allowed to be rotated around
the particle trajectory so that various types of symmetry can fulfill the conditions
for being analogous to a time reversal. For example single coil pair and double
coil pair transversal Sona-transition units have different types of symmetry (see
fig. 13), that can both work the same in reverse.

—— symmetry axis
/- —— single coil pair

double coil pair

Bz [a.u.]

z[a.u.], t[a.u.]

Figure 13: Sketch of possible magnetic fields in x-direction in a transversal Sona-
transition unit.

With spinfilters one can measure or produce the o 1- and o2-state of metastable
hydrogen. Therefore, it is possible to verify the predictions of the time reversal
by setting a spinfilter before the Sona-transition unit to &1 and another spinfilter
behind it to 2 for a measurement and repeating the process for swapped spinfilter
settings.
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3 Experimental setup

The setup used for the experiments of this thesis is displayed in figure 14. The
first components from the ECR source to the cesium cell are used to produce a
beam of metastable hydrogen atoms. The adjacent spinfilter 1 is then used to spin
polarize this beam. To measure the effect of the Sona-transition unit on the spin
polarization, the amount of metastable atoms in various spin states is measured
with spinfilter 2 and the Quench chamber with a photomultiplier.

P—

—

L
1
=

I L
1

ﬂ‘w<::] 5 : 1
el

H, loniser Wien filter Cs-cell Spinfilter | SONA transition Spinfilter 1l Quench chamber

f s ) T] 3
¢ /|

~100 0 00 200 300 =300 2 00 100 200 300

position (mm) z-position (mm)

longitudinal Sona transition transversal Sona transition

Figure 14: Sketch of the full setup, including examples of the magnetic field in a longitu-
dinal and transversal Sona-transition unit (sources: [7][11]).

In this thesis the settings of the spinfilters are often labeled as a combined
setting. For example the a2 1-spinfilter setting is equivalent to spinfilter 1 being
set to a2 and spinfilter 2 being set to a1.

3.1 ECRion-source

As a particle beam is needed for the experiments, an electron-cyclotron-resonance
(ECR) ion source is used to produce a proton beam. With magnetic fields it keeps
electrons on a closed orbit and accelerates them with a radio frequency field. Hy-
drogen gas flowing into the ECR source gets ionized by these electrons. The
resulting surplus of electrons is absorbed by the metal walls of the chamber, while
protons leave it through the opening towards the experiment. While doing so the
protons are accelerated because the ECR source is put on an electric potential of
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several hundred to few thousand volts. Afterwards, the protons have a kinetic
energy of the same number of electron volts.

3.2 Wien filter

The proton beam produced in the ECR source enters a Wien filter, where it expe-
riences the opposing electric and magnetic forces Fg = ¢-E and Fg = g-¥ x B. To
ensure, that the forces act in opposite directions, the electric and magnetic field
have to be orthogonal to each other and the beam direction. An ion can pass the
Wien filter without deflection, if the forces acting on an atom cancel out, leading
to the velocity condition

V== (17)

This way the Wien filter extracts ions of a given velocity.
As ions with the electric charge g get accelerated by the extraction potential
Ugcr of the ECR source to the kinetic energy Exi, = Ugcr - ¢, their velocity

v:\/z'Ekin:\/z‘UECR'q (18)
m m

depends on their mass m. Assuming a known ionization level, which for hydrogen
ions can only be a single ionization ¢ = e, a Wien filter can be used to separate
ion masses.

In the case of this thesis the Wien filter settings are tuned to the mass and
charge of protons (H", m = 1u), so that ions like H2+ (m = 2u), H;r (m = 1u)
or ions of rest gases like nitrogen (m = 7u or m = 14u) or oxygen (m = 8u or
m = 16u) are deflected.

3.3 Beam optics and focusing

After leaving the ECR source, the proton beam passes through some metal rings,
which are connected to power supplies setting their electrical potential. This can
focus or defocus the beam. To produce an optimally focused beam, the voltages of
these lenses and the capacitor plates of the Wien filter are optimized by maximiz-
ing the current induced by the ions hitting a Faraday cup at the end of the beam
pipe behind the quench chamber. After turning on the production of metastable
hydrogen atoms in the cesium cell (see section 3.4) one can reoptimize the beam
by maximizing the photomultiplier signal produced by quenched metastable hy-
drogen (see section 3.7). The settings for an optimal photomultiplier signal are
not necessarily the same as the settings, that optimize the number of ions hitting a
Faraday cup at the end of the beam line behind the quench chamber.
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3.4 Cesium cell

Parts of the proton beam are neutralized in a cesium cell after passing the Wien
filter. Here the electropositive properties of cesium are used to transfer its valence
electron to protons via the reaction

Cs+H™ = CsT+H. (19)

The neutralized protons turn into hydrogen atoms of which up to 30% [9, p. 43]
are in the metastable 25, Jo-state (see section 2.1). Cesium, which has a low melt-
ing temperature of 28 °C, is heated at the bottom of the cesium cell to create vapor
pressure. The upper part of the cesium cell is kept at 60 °C, so that the cesium can
condense and drip back to the bottom. For an optimal amount of collisions be-
tween cesium atoms and protons, cesium at the bottom of the cesium cell is heated
to 160 °C. This temperature creates an optimal partial pressure of cesium vapor
of about 0.1 mbar to maximize the production of metastable hydrogen atoms.

3.5 Spinfilter

A spinfilter uses electric and magnetic fields and a radio frequency to deexcite
metastable hydrogen atoms to the ground state and let only atoms of one specific
spin or angular-momentum configuration pass unchanged (see section 2.2).
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copper coils
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Z

Figure 15: Sketch of spinfilter (left, source: [9]) and photo of spinfilter (right).

To produce the necessary radio frequency of 1609 MHz in a spinfilter, it has
a tuned cylindrical cavity with an antenna connected to an RF generator. The
required electrical fields need a division of the cavity into electrically insulated
quadrants, of which two opposing quadrants are connected to DC-power supplies
of opposite polarity. The other two quadrants are grounded. This way the quad-
rants with opposing voltages create an electrical field. The magnetic field is cre-
ated by coils surrounding the cavity.
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3.6 Sona-transition unit
3.6.1 Longitudinal design

In previous experiments, a longitudinal Sona-transition unit was developed that
produced a magnetic field a close to a sine shape as possible [12]. This setup is
shown in figure 16 and an example for the magnetic field experienced by an atom
passing through it can be seen in figure 8. To shield it from external magnetic
fields the Sona-transition unit is surrounded by three layers of y-metal.

T T T . I

Figure 16: Photo of a longitudinal design Sona-transition unit without (top) and with
shielding (bottom).

3.6.2 Transversal design

Because the behavior of the atoms in the Sona-transition unit is critically depen-
dent on the radial component of the magnetic field, another type of Sona-transition
unit has been proposed and built [11], which primarily produces a transversal
magnetic field in the area of the atomic beam.

The transversal Sona-transition unit had been designed to produce a B-field
x-component with a zero-value in the center and a minimum or maximum before
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and after (see fig. 48). To create this field, two coil pairs have been put around
the beam line transversal to the beam axis and attached electrically in series with
opposite polarity. This way one coil pair produces the maximum and the other
one the minimum of the B-field x-component. In the exact center the magnetic
field of both coil pairs cancel out.

First measurements with this double coil pair Sona-transition unit indicated,
that a double coil pair might be less effective or at least just as effective and more
complex, than a single coil pair (see sections 5.2.1 and 5.2.2). Therefore, for
many experiments only a single coil pair is used. For those measurements with a
single coil pair Sona-transition unit, one coil pair, i.e. two coils with their center
on the same axis orthogonal to the beam axis, is used, while the other coil pair is
disconnected electrically.

1\

Figure 17: Photo of the transversal Sona-transition unit. Here the coil pair on the left
was not attached electrically and the right coil pair was used as a "single coil pair” in
the central position between the two spinfilters.

The magnetic field of a transversal Sona-transition unit can be simulated eas-
ier than a longitudinal design with variable loop densities along the beam axis.
Therefore, such a simulation of the magnetic fields is used for the simulation
of the spin state development instead of interpolations of measurements. In the
actual measurement other distances, like the easily measurable distance to a spin-
filter get measured with a folding rule or a caliper. The more intuitive parameters
displayed in figure 18 are calculated afterwards using the distance between the
spinfilters and the outer diameter of the beam pipe. In this figure is also shown
how the coils of a single and double coil pair Sona transition unit are arranged.
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The parameters that are labeled in this sketch are varied in section 5.2.

Middle between

. SF 1 and SF 2
Beam axis

z

Sona

[ *
Xcmz[

l Az I

coil pairs

Coils of the Sona-
transition unit

Middle between

. SF 1 and SF 2
Beam axis

z

-
|

Coils of the Sona-
transition unit

Figure 18: Sketch of a transversal design Sona-transition unit with two coil pairs (top)
and with one coil pair (bottom) in between the two spinfilters (SF).

3.7 Quench chamber with photomultiplier

The beam of metastable atoms reaching the quench chamber passes an area with
a strong electric field and is quenched to the ground state due to the Stark effect.
The energy difference of 10.25 eV is emitted via a Lyman-o photon with a wave-
length of 121 nm. These UV-photons can be detected by a photomultiplier and
their intensity is registered by electronics and correlated to the current settings of
the spinfilters and the Sona-transition unit. Photons entering the photomultiplier
are hitting a photocathode creating a free electron each by kicking them out via
Einsteins photoeffect. For signal amplification this electrons are directed on a cas-
cade of dynodes, each dynode on a higher electric potential than the last one. As
a result the electrons are accelerated from one dynode to the next and on impact
produce multiple free electrons for the following stage. This increases the current
of electrons until it is measurable by a digital oscilloscope.
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Figure 19: Photomultiplier (PMT) with (left) and without (right) magnetic shielding.

In previous experiments, an unexpected effect was observed when ramping
over the magnetic field strength of the second spinfilter to create images such as
in figure 5. This spinfilter is visible on the bottom right of the images in figure 19.
As it turned out, an internal magnetic shielding of the photomultiplier was miss-
ing, making its sensitivity for incoming photons dependent on external magnetic
fields, diverting the free electrons inside. Therefore, the spinfilter nearby disturbs
its efficiency. Even worse, its disturbance increases with the increased magnetic
fields necessary to change from the 1- to the a2-spinfilter setting (see fig. 5).
As a countermeasure, magnetic shielding available from previous Sona-transition
unit iterations (compare to section 3.6.1) was added.
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3.8 Magnetic field measurements

Figure 20: B-field measuring system: Chain pulley system with step motor (left), string
pulley system and the cable of the B-field probe (middle) and sled with B-field probe on a
guiding rail (right).

To measure the magnetic field inside the setup, a recently built apparatus to au-
tomatize this process is used [13]. It uses a step motor and a chain to move a sled
with a B-field sensor through a pipe (see fig. 20, right) and to set and measure its
position along the pipe axis, which is defined to be the z-axis. Because the chain
can only hold its length precisely when in tension, the sled is pulled by a string and
a pulley system from the other end of the pipe (see fig. 20, middle). To minimize
the force on the step motor, a similar pulley system is installed on the chain as
well (see fig. 20, left). The sled containing the B-field meter must not rotate while
being pulled through the pipe. Therefore, an additional rail is put into the pipe and
fixed on both ends to prevent a rotation around the z-axis. For the measurements
of magnetic fields in this thesis, the pipe is put through the arrangement of two
spinfilters with a Sona-transition unit in between.
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4 Measurements with a longitudinal Sona transition

4.1 Magnetic field measurements

The magnetic field of the longitudinal Sona-transition unit, including the spinfil-
ters before and after, used for this thesis had already been measured when devel-
oping the device described in section 3.8 [13]. Three measurements are used to
extrapolate the magnetic field in space and for other currents Igq,,. The first mea-
surement is conducted with a Sona current Ig,,, = 0.2 A but without currents in
the spinfilters (see fig. 21, top left). The second measurement uses the same Sona
current but additionally the current in the spinfilters was turned on (see fig. 21, top
right). At last the background is measured without any currents, so that mainly
the B-field of magnetized iron in the spinfilters is visible in the data (see fig. 21,
bottom).

50 60 70 80 90 100 50 60 70 80 90 100
z[cm] z [cm]

50 60 70 80 90 100
z [cm]

Figure 21: Measurement with Is,,, = 0.2 A (top left), measurement with SF1 and SF2
on and Is,n, = 0.2 A (top right) and background measurement (bottom). The origin of the
data are measurements conducted for [13].

To be able to produce a simulation of spin precessions (see section 2.3.4) these
measurements have to be turned into continuous functions, that are defined at any
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point in the simulated areas. To create such function, a Gaussian curve is placed
around the position corresponding to the argument of the function and used to
weight the measurement points. Then the average of the weighted data points are
the result of the function at that position.

The measurements (see fig. 21 and fig. 69 in the appendix) were used to cal-
culate the magnetic field in the of the Sona-transition region for any current Igop,
in the Sona-transition unit. First the influence of the Sona current dé/dISOHa (see
fig. 22, left) is calculated by subtracting the measurement without any currents
(fig. 21, bottom) from the measurement with a Sona current and dividing the re-
sult by Isona = 0.2 A Secondly a background magnetic field By (z) (see fig. 22,
right), that is mainly determined by the magnetic field of the spinfilters is calcu-
lated. To do so the influence of the spinfilter current is calculated as the difference
between the measurements with a Sona current without (fig. 21, top left) and with
spinfilter currents (fig. 21, top right) and added to the measurement without any
currents (fig. 21, bottom).

dB/dlsona [MT/A]

50 60 70 80 90 100
z [cm] z [em]

Figure 22: Dependence of the B-field on Isy, (left) and the B-field for Isy,, = 0 A (right).
The dependence on sy, is the difference between the measurement with Is,,, = 0.2 A and
the background measurement from fig. 21 divided by 0.2 A. To find the B-field for Ispng =
0 A, the measurements for Ison, = 0.2 A from fig. 21 with and without spinfilters were
subtracted from each other to include the influence of the spinfilter current. Additionally
the general background from from fig. 21 is also added.

The longitudinal Sona-transition unit is one solid object (see fig. 16). There-
fore, no geometric parameters could be varied for measurements investigating
dependencies of the Sona oscillations, while this could be done for transversal
Sona-transition units (see section 5).
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4.2 Fit of simulations to a measurement

As an attempt to find a simulation that matches as good as possible to a conducted
measurement, a fit is done. In each iteration step it conducts a simulation with
changed parameters and for a given set of values for Sona currents Ly,. Then it
calculates the difference between the measurement and simulation for each I,
and tries to minimize the squared sum of these differences.

To find a match between the measurement and simulations, parameters of the
simulation are varied, until an optimum is found. The first parameters, that are
varied, are ¢ty and Y, that translate the time of the measurement ¢, saved by the
digital oscilloscope, to a current Ison, (£) = (t —1p) - Y.

A second type of parameters vary the weight of the measurements in figure
21, especially the background fields and also the exact start and end point of the
simulation.

Third the beam distribution gets varied. To do so, the weights w; of the sim-
ulations along multiple parallel rays throughout the beam pipe cross section are
changed. Depending on the position X; = (3} ) of a simulated ray i in the beam pipe
relative to the pipe ‘s center, the ray is weighted with

(20)

The variable fit parameters are the central position Xy = (3, ) of the beam relative
to the beam pipe center and the distribution width of the beam ©.

At last the simulated intensities of other Zeeman states are added with smaller
weights to the expected Zeeman state. These weights are used as parameters to
check, whether the apparatus behind the Sona-transition unit is actually only sen-
sitive to one Zeeman state or whether the spinfilter also lets other Zeeman states
pass through in small amounts.
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4.2.1 Results

—— measured PMT-signal
fitted simulation
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Figure 23: Simulation and measurement fitted to each other with a2o1-settings. On the
x-axis the simulation current Ly, is displayed. This is an important distinction, as the
calculated current of the measurement is bigger by a factor larger than 2.

The fit gives a surprising value for the time to current factor Y, which was found
to be 31.7 ’"TA instead of the expected 81.3 % measured before in a calibration
measurement. The expected value is deducted from the ramp signal, that gets
saved with the measured PMT signal. Thus, one must question the validity of the
found fit result between simulation and measurement.

The resulting fit parameters of the beam distribution have values of xy =
23.6 mm, yo = —10.6 mm and 6 = 0.6 mm. The values for xo and yy seem a
bit large but might be reasonable if the sensor used for the magnetic field mea-
surement had been positioned off axis. It is also possible, that the position in
the beam axis is preferred by the fit due to random effects making the simulation
more similar to the measurement with this settings, because other fit parameters
might have a far lager impact. On the other hand the radial distribution width o
seems to be far too small to be realistic. A possible explanation might be, that
the distribution of the beam intensity is less gaussian and more cylindrical than
assumed. If simulations of rays outside the cylinder with actual beam intensity
deviate relatively much from the measurement and the rays within this cylinder,
the fit prefers not to include these rays and decreases o beyond the actual radius.
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Figure 24: Full result of the simulation starting with the a2-state, fitted to a measurement
with a2al-settings. On the x-axis the simulation current Ly, is displayed. This is an
important distinction, as the calculated current of the measurement is bigger by a factor
larger than 2.

The fitted parameters, that vary the not renormalized additional weight of the
simulations of the four Zeeman states, are 33.3 % for the a2a2- and a2f33-
simulation and 0 % for the a2f4-simulation and represent the weight relative to
the main simulation for o2 1-settings. These values are the maximum (33%) and
minimum (0%) of the fitting range. After weighting and adding these simulations,
the sum is renormalized. Therefore, these results are equivalent to for example
0 % for the a202- and a233-simulation and —50 % for the a2f34-simulation.
In this case it is even reasonable to represent the fit result as such, because the
a2B4-simulation gives very small values (see fig. 24), that are used to compen-
sate random fluctuations and, therefore, can also be negative with a relative high
absolute value.

To evaluate the precision of the simulation fit to the measured data, the re-
sulting fit parameters have been used to simulate the transitions with the spinfilter
settings alal, ala2, a2ol and o2a2 (see fig. 25). The only other change of
this simulations is, that the fitted corrections for the sensitivity of the spinfilter to
the four Zeeman states are ignored, which causes small deviations between figure
23 and the bottom left image of figure 25. Except the a2 1-measurement, that is
used to fit the result of the simulation with variable parameters, measurements for
oalal, cla2 and x2a2 have also been conducted. the results of these simulations
and measurements are compared in figure 25.
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Figure 25: Measurements and simulations with alal- (top left), ala2- (top right),
a2ol- (bottom left) and a2a2-spinfilter settings (bottom right). The simulations used
parameters, that resulted from a fit of the a2o1-settings. On the x-axis the simulation
current Iy, is displayed.

The ol al-measurement and simulation fit well together, as the peaks are at
similar positions but have very different heights. Only the second peak at Isyp, =
25 mA to 30 mT seems to be suppressed or small in the simulation.

For the or1a2-measurement, some peaks are also shifted, suppressed or en-
hanced in the simulation. For example, the peaks at about Igo,, = 25 mA and
40 mT are visible but suppressed. The peaks above 55 mT fit quite well and only
between 45 mA and 55 mT it seems like two peaks from the measurement were
shifted towards each other in the simulation into one big peak.

The peak positions of the simulation and measurement of a2a?2 fit together
above 50 mT, although the peak heights do not fit. The peak of the measurement at
45 mT seems to be shifted towards slightly higher currents. Apart from the peaks
at 35 mT, here the peaks cannot be matched well for lower currents of a2a2.

The precision of the simulations gets investigated further, because the simu-
lated graphs still look quite different from the measurements. As an example, a
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Simulation is conducted, that includes a change of the magnetic field, that corre-
sponds to changing the spinfilter settings from the o 1-setting to 2 (see fig. 26).

—— measured PMT-signal —— measured PMT-signal

—— fitted simulation —— fitted simulation
—— varied simulation

—— varied simulation

signal [a.u.]
signal [a.u.]

—— measured PMT-signal —— measured PMT-signal
—— fitted simulation —— fitted simulation
—— varied simulation —— varied simulation

signal [a.u.]

signal [a.u.]

Figure 26: Measurements and simulations with alal- (top left), ala2- (top right),
a2ol- (bottom left) and a2a2-spinfilter settings (bottom right). The simulations used
parameters, that resulted from a fit of the a2o1-settings. A second simulation is plotted,
using a magnetic field, assuming a changed spinfilter setting. On the x-axis the simulation
current Ly, is displayed.

One can see, that at various points the simulations using varied magnetic fields
look significantly different than the unvaried simulation. Various peaks and dips
have been suppressed, increased or shifted by the variation. The type of change
is not necessarily expected to be the same as in the real measurement because
the magnetic field, that was fitted, had a limited number of parameters, so that the
actual magnetic field might not even been possible to achieve by varying the given
parameters. Due to these differences other changes, like an estimated B-field
change from a different spinfilter setting, might influence the result differently.

It can be concluded, that small deviations from the real magnetic field can
already make a huge difference in the patterns of the simulated Sona oscillations.
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In actual measurements the stray fields of the spinfilters are always changed to
measure different Zeeman states, causing a change of hight for the peaks of the
Sona oscillations. On the other hand the positions of the peaks are not impacted
much, because the effective B-field B is not changed much by the stray fields of
the spinfilters.

4.3 Simulations for varying the kinetic energies

When the measurements from section 4.2 were conducted, they were conducted
only at a kinetic energy of 1.5 keV. Later, when measurements with various ki-
netic energies have been conducted for transversal Sona-transition units and ana-
lyzed, it turned out that the measurements are sensible to different kinetic energies.
Unfortunately at this point it was not feasible anymore to conduct such measure-
ments, as at that moment the setup got rebuild for other experiments. Therefore,
only simulations could get analyzed.

These simulations were done without any background magnetic field, as there
are no measurements to compare to. Instead this simulations shall represent the
physical effects with as little disturbance as possible.

4.3.1 Fitting the energy differences of the Breit-Rabi diagram

To check the possibility of matching the photon image to measurements and sim-
ulations, the position of the first peaks of the ot1 a1 simulations are searched for in
figure 27 (left). Afterwards the theoretical positions of the o1 @2-resonances (see
section 2.3.3) are fitted to the measured peaks by varying the assumed wavelength
of the Sona-transition unit A and the quotient between the effective magnetic field
and Sona current K = f;(%i (see fig. 27, right).

v [10° m/s]
v [10° m/s]

Isona [MA]

Figure 27: Fit of the ala2-resonances depending on x and A to the patterns of the
alal-simulation.
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Figure 28: Extended simulation for alal, ala2, a2al and a2a?2 (top to bottom),
including alo2-(black) and a233- (red) resonances (right). The k and A are fitted to
the alo2-patterns of the al o l-simulation.

37



To verify the result of this fit, the found A and « are used to predict the po-
sition of 2f33- and further o1 2-resonances. Those resonances can, according
to figure 12, cause peaks or dips, if they can cause a population or depopulation
of a state. Therefore, one expects, that patterns in simulations and measurements
follow the calculated resonance positions, which was checked in figure 28.Addi-
tionally to the four spinfilter settings in simulated in this figure, which are mea-
surable with existing spinfilters, the final occupation numbers of the -states are
displayed in figure 70 in the appendix.

In the images displaying the a¢1o1-simulation in figure 28, one can not rec-
ognize the @233 resonances well because of the amount of transitions that would
be necessary to populate or depopulate the o1-state via a233-transition. These
transitions can be traced in figure 12. In all other images of figure 28 the a233-
resonances are recognizable in the visible patterns, even though these pattern shift
slightly relative to each other. On the other hand, the a1 o2-resonances fit to the
patterns for all examined spinfilter settings. Even for the higher order resonances,
that are extrapolated and not directly fitted, the expected resonances fit to the pat-
tern in the images.

4.3.2 Comparison of the results for a102- and a2o1-settings

Theoretically the results for measurements for switched spinfilter settings should
be the same (see section 2.3.6). One can see in 29, that the simulations for oc1 2
and a2l are very similar but not perfectly equal.

v [10° m/s]
v [10° m/s]

Isona [MA] Isona [MA]

Figure 29: Comparison of simulations at various kinetic energies with the spinfilter
settings ocla?2 (left) and a2al (right).

The reason that the simulations are not perfectly equal is, that the necessary
conditions are also not perfectly met. One condition for this equality is, that the
magnetic field is symmetrical, which is not the case for simulations of the longitu-
dinal Sona-transition unit. Here the magnetic field that is used for the simulation
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is derived from measurements, that cannot be perfectly symmetrical. On the other
hand the simulations of transversal Sona-transition units are perfectly equal (see
section 5.4.3), because the magnetic fields used for the simulations are simulated
perfectly symmetrical (see section 5.1).

Generally, both simulations match quite well to each other. The only specifi-
cally recognizable difference is, that the or1 a2-resonances of the 2o 1-simulation
seem to be split into double peaks for high velocities v and high I5on,, While they
do not in the or1 2-simulation. A possible reason is, that the magnetic field might
correspond to two overlapping photons with slightly different wavelengths, in-
stead of one or more photons with the exact same wavelength. Due to the asymme-
try of the magnetic field and the swap of the spinfilter settings, these photons have
a differently weighted influence on the occupation numbers at the resonances.

—_— ala2
— aZ2al
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Isona [MA]

Figure 30: Comparison between the measurements with o1 2- and a201-settings.
The results of the measurements conducted with alo2- and o2c1-settings

for Eyin, = 1.5 keV (see fig. 30) are also very similar supporting the prediction in
section 2.3.6.
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5 Measurements with transversal Sona transitions

5.1 Magnetic field measurements

In contrast to the magnetic fields longitudinal Sona-transition unit from section 4,
which has a longitudinal coil with varying winding density per length (see fig. 16),
the transversal Sona-transition unit consists of two or four simple coils. For an
easier and faster computation of the magnetic fields, the coils were assumed to
be perfectly circular conductors with a point like cross section. To validate the
applicability of such simulations, several measurements of the magnetic fields
have been conducted with a single coil pair and a double coil pair as described
in section 3.8. For the simulation of such magnetic fields the positions of the
coils was given to functions of the python library “magpylib”, which used this
information to calculate the resulting magnetic field.

5.1.1 Calibration

If a measurement is conducted with a current in the Sona-transition unit Igy,, 7 0
turned on, the pattern of the transversal magnetic field can be recognized both in
the By raw-component and the By r5w-component, because the magnetic field sensor
on the sled, the sled in the pipe or both are rotated around the z-axis (see figs. 20
and 31).

B [mT]

20 40 60 80 100 120

Zraw [cm]

Figure 31: Raw measurement of the magnetic field in a single coil transversal Sona-
transition unit in the middle between the two spinfilters.

To compensate such rotations around the z-axis, a fit performs the rotational
transformation
By\ _ (cos(¢) —sin(e) [ Bxraw (21)
By o sin((p) COS((P) By raw
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by such an angle @, that the By-component in the area in between the spinfilters is
as constant as possible (see fig. 32).

A simple minimization of the By-component is not desirable, as there are back-
ground magnetic fields, such as the geomagnetic field. If at least one spinfilter is
turned on, its relative strong magnetic field of more than 50 mT is partly but sig-
nificantly recognizable in the B,- and By-component (e.g. see figs. 34 and 35),
due to imperfections of the spinfilter alignment or the B-field sensor. Therefore,
the data taken in the spinfilters is not suitable to calibrate the rotation correction
around the z-axis for the best alignment with the Sona-transition unit. The result-
ing correction angle is for most measurements between 15 ° and 20 °.

—_— B,
BV

2.0 A

—_— B,

1.5 A — fitarea

B [mT]

20 40 60 80 100 120

Zraw [cmM]

Figure 32: Measurement of the magnetic field in a single coil transversal Sona-transition
unit in the middle between the two spinfilters. The x- and y-component are rotationally
transformed so that the magnetic field of the transition unit in the fit area points along the
X-axis.

For a more vivid definition of the z-axis parallel to the beam, the z-position is
redefined to have z = 0 cm at the center between the spinfilters. To find this center
in the magnetic field measurements, the standard measurement with one coil pair
is used for calibration by fitting a simulation of of the z-component. For compen-
sation of the geomagnetic field, a constant background is added as a fit parameter
(see fig. 33). This measurement is used as the base for all measurement series
using single coil pair Sona-transition units. All measurements of these series use
the same parameters as the basic measurement and are only changed by the pa-
rameter explicitly varied, which can be the coil pair position zgo,, or the distance
of the coils from the beam axis x.o;. Therefore, each of these series contains the
basic measurement, which has not been repeated for every series but just been
used multiple times. Similarly there is also a basic measurement for the double
coil pair, that has been used in series varying zson, and the distance between the
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coil pair positions Azeoj| pairs- Measurements of the background with Igg,, =0 A
(see figs. 34 and 35) have also been conducted only once and were not repeated
multiple times for various measurement series such as the double coil pair and
single coil pair Sona-transition units.

iy = measured
2.0 1 / simulated
/ — fitarea
1.5 |
| |
= [
£ 104 |l \
o) I \
0.5 | '-
f I‘w
0.0 1 " "
o e ey mnad I P e i T Wy
—60 —40 —-20 0 20 40 60

z[ecm]

Figure 33: x-component of the rotary transformed, measured magnetic field and a simu-
lated magnetic field for the geometrical settings of a single coil pair Sona-transition unit.

In a fit the offset of the z-axis is recalibrated and a homogeneous background field is added
to the simulation.

In contrast to the calibrations of the rotation angle around the z-axis, which if
possible have been done for all B-field measurements individually, the calibration
of the z-axis gets done once and is adopted for all other measurements.

5.1.2 Background measurements and spinfilter influence

To see the isolated influence of the spinfilters on the magnetic field in the Sona-
transition region, the magnetic field is measured for all four combinations of the
two spinfilters either being turned off or on with a current of 8.1 A (see fig. 34). In

the spinfilters a current of 8.1 A corresponds to a magnetic field of 53.5 mT which
is at the a1-resonance (see section 2.2).
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Figure 34: Magnetic field measurements without an active Sona-transition unit along the
x-, y- and z-coordinate. All combinations of the spinfilters each turned off or on at 8.1 A.

Because the z-component in the turned on spinfilters are with about 53.5 mT
far higher (see fig. 34), than the magnetic fields of a Sona-transition unit (e.g. see
fig. 36), in figure 35 the same data have been plotted with other boundaries of the
displayed magnetic field for a better visualization of the influence in between the
spinfilters.

In figure 34 one can see in the x- and y-component a fraction z-component
of the spinfilter B-field, due to imprecisions in the alignment of B-field sensor
or spinfilters. The graphs of the B,-component do still show a pattern within a
spinfilter, even if it is turned off, which is caused by the magnetization of iron
contained in the spinfilters.

In the region of the Sona-transition unit at |z| < 25 c¢m one can see, that a
portion of the spinfilter B,-component reaches into this area. The corresponding
influence is measured in the sections 5.2.1 and 5.2.3.
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Figure 35: Magnetic field measurements without an active Sona-transition unit along the
x-, y- and z-coordinate. All combinations of the spinfilters each turned off or on at 8.1 A.

For an actual comparison between the magnetic field strength of the Sona-
transition unit and the influence of the spinfilters in the relevant region, a simula-
tion and the magnetic field measurement with and without the spinfilter field are
shown in figures 36 and 37 with a typical Sona current of Isy,, = 5 A for a single
and double coil pair setup. The full measurements including the magnetic field in
the spinfilters and the single coil pair measurement with the other coil pair can be
found in section C of the appendix.

One can see, that the spinfilter has a negligible influence on the x- and y-
component. Only the off-center B, has a magnitude comparable with the B-field
of the Sona-transition unit.
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Figure 36: Magnetic field measurements in the Sona-transition unit region with single
coil pair 1 and Isyn, =5 A.
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Figure 37: Magnetic field measurements in the Sona-transition unit region with the coil
pair, i.e. both single coil pairs combined and Isyn, = 5 A.
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5.1.3 Variation of the current in a Sona-transition unit

To verify the linearity between the Sona current Ig.,, and the magnetic field
strength in the Sona-transition unit, the magnetic field is measured for multiple
values of Ison, and plotted in figure 38 for the single coil pair Sona-transition unit.
Additionally, simulations of the magnetic field in the center of the beam pipe (see
section 2.3.4) have been added to the figure. The parameters for this simulation
have been taken from geometrical measurements of the coils. To simplify and ac-
celerate the computation of the simulation, each coil is approximated to be a one
dimensional circular conductor with the current I5y,, multiplied with the number
of windings of the real coil.

— 2A

— 3.5A
— 5A

— 7.5A
— 10A

—— simulation

By [mT]

Figure 38: Magnetic field measurements in the region of the single coil pair Sona-
transition unit for multiple values of Ison,. The magnetic field of the spinfilters is turned

off-

The y-component does not differ significantly at all in between the different
Isona, although it is not perfectly zero, which may be explained by background
magnetic fields like the geomagnetic field.

In the z-component one can recognize the pattern of the magnetization of the
iron in the turned off spinfilters, which has similarities to the corresponding graph
in figure 35. Due to symmetry reasons the y- and z-component of the magnetic
field on the beam axis must be zero. The slight differences in between the mea-
surements of the z-component might be caused by an offset of the measurement
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points from the beam axis. Another reason might be a difference of the magneti-
zation in between the measurements.

On a first glance, the x-component of the magnetic field seems to match the
simulation. In figure 39 the residuals are displayed.

ABy [MT]

—0.3 -

-20 -10 0 10 20

Figure 39: Residuals of the x-component between measurements of the magnetic field
in a single coil pair Sona-transition unit for multiple Is,,, and unfitted corresponding
simulations.

After fitting the simulation to the data by varying a background value and an
offset of the z-position for each measurement and a correction of the coil diameter
and its distance to the beam axis for all measurements together, the resulting resid-
uals are shown in figure 40. With a x2/dof = 0.66 the fit seems reasonable. A
possible reason, for x2/dof < 1 is, that the digitization error is in the same order
of magnitude as the statistical uncertainty on the measurement of a B-field value.
This might cause the saved values of multiple measurements at the same place to
be torn apart by digitization and, therefore, an overestimation of the uncertainty
of the measurement.
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Figure 40: Residuals between the measured magnetic field for multiple Is,,, of the single
coil pair Sona-transition unit and a simulation with a fitted background and offset of the
z-position of each measurement. All measurements share a common correction of the coil
diameter and distance to the beam axis.
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Figure 41: Magnetic field measurements in the region of the double coil pair Sona-
transition unit for multiple values of Isynq. The magnetic field of the spinfilters is turned

off-
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In figure 41 magnetic measurements of the double coil pair Sona-transition
unit are displayed for multiple /5on, analogue to 38 and analogue to the figures 39
and 40 the residuals to an unfitted and a fitted simulation of the double coil pair
Sona-transition unit are shown in the figures 42 and 43 with similar results.

0.2 4 — 0

0.1+ — T5A
— 10A
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Figure 42: Residuals of the x-component between measurements of the magnetic field
in a double coil pair Sona-transition unit for multiple Is,,, and unfitted corresponding
simulations.

The only difference of figure 43 to its equivalent with a single coil pair Sona-
transition unit (see fig. 39) is a slight pattern especially at the edges of the residual
plot and a slightly higher x?/dof = 1.78. A reason might be, that the fit assumed
perfectly symmetrical settings for both coil pairs, which is not necessarily given.
For example, the value of distance of the coils to the beam axis x.j might be
different for each coil pair or coil.
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Figure 43: Residuals between the measured magnetic field for multiple Is,,, of the double
coil pair Sona-transition unit and a simulation with a fitted background and offset of the
z-position of each measurement. All measurements share a common correction of the coil
diameter, distance to the beam axis and distance between both coil pairs.
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5.2 Variation of the coil positions

5.2.1 Variation of the position of two coil pairs together

WV}
1

B-1025¢mIMT]
o

|
N
I

Bocm[mT]
Voo~

N
1

B10.25cmlmT]
o

|
N
1

Z [cm]

Figure 44: Magnetic field measurements of a double coil pair transversal Sona-transition
unit for multiple positions zsona = —10.25 cm (top), 0 cm (middle) and 10.25 cm (bottom)
of the transition unit. The positions zs,u, = £10.25 cm correspond to a coil pair touching
a spinfilter. The spinfilters are turned on with the current Isp = 8.1 A and the Sona coils
with Igona =5 A.

When the position of the Sona-transition unit is varied, the resulting differences
must be caused by the influence of the magnetic fields of the spinfilters before and
after the Sona-transition unit (see fig. 44). To find the dependency of the Sona-
transition oscillations on the spinfilter influence, a measurement is conducted,
varying the position of a transversal Sona-transition unit with two coil pairs along
the beam axis parallel to ¢;. In figure 45 the results are shown with the posi-
tion of the center between both coil pairs zson, relative to the center between the
spinfilters.
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Figure 45: Color map representing the beam intensity of metastable hydrogen after pass-
ing through spinfilter 1, set to o1, a transversal Sona-transition unit with the current Isp,
and spinfilter 2, set to a1 for different zsong.

In this figure, two breaks of the pattern along horizontal lines can be seen at
Zsona = —3 cm and 3 cm. While the pattern in between these breaks seems not to
be very stable, as some peaks even begin and end in the middle of this range, the
pattern at zgona > 5 cm does only change very little. Because the measurements
only started at zgona = —9.25 cm, the consistency of the pattern for zgon, < —5 cm
is more difficult to judge, but seems to be given also within said boundaries. A
reason for the patterns not being symmetrical around zgon, = 0 ¢cm might be, that
the spinfilters are slightly different constructed and their most outer edges, from
which the center in between are measured, do not necessarily correspond to the
same point of their magnetic field.

Another interesting correlation is the similarity of the pattern for zgon, > 5 cm
and the pattern visible in figure 51, which is showing a similar measurement, but
with only a single coil pair instead of a double coil pair. For a better compari-
son the oscillations of the PMT-signals for the double coil pair position zgon, =
10.75 cm and the single coil pair position zson, = 2.5 ¢m are both plotted in figure
46. For the corresponding settings, one coil pair of the double coil pair is put at
the same place as the single coil pair.
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Figure 46: Comparison of measurements with a single coil pair and a double coil pair.

These data samples of a single and double coil pair do also match well when
displayed in the same plot. Only one correction is needed, i.e. the axis of the
current in the double coil pair Isona, double coil pair has to be stretched by a factor of
1.05.

The similarity of these datasets seems to indicate, that the closeness to a spin-
filter deactivates the effect of one of the two coil pairs. The reason for this might
be the at this point relatively strong longitudinal field created by the spinfilter.
In the image of precessing of angular momenta and magnetic moments (see sec-
tion 2.3.4) a dominant longitudinal component would mainly prevent the preces-
sion around transversal magnetic fields. Therefore, it would also prevent the tran-
sitions of metastable atoms between the Zeeman states in the coil pair close to a
spinfilter, that would otherwise create the oscillations for —5 cm < zgona < 3 cm
in a Sona-transition unit with a double coil pair. Instead the other coil pair acts as
a single coil pair and creates the same oscillations as in figure 51.

The reason, that the experiment perceives the magnetic field of the double coil
pair as 5 % stronger, than the single coil pair, seems to be, that some magnetic
field lines induced by the coil pair next to the spinfilter pass back in the other
direction through the other coil pair and add to its B-field strength.
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5.2.2 Variation of the distance between two coil pairs
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Figure 47: Magnetic field measurements of a double coil pair transversal Sona-transition
unit for Azcoit pairs = 16.5 cm (top), 20 cm (middle) and 24 cm (bottom). The spinfilters
are turned on with the current Isg = 8.1 A and the Sona coils with Is,,, = 5 A.

In the photon image of the Sona-transition effect, the wavelength of the sine-like
curve, representing the magnetic fields, is a critical parameter for characterizing
the oscillations created in a Sona-transition unit. Therefore, changing the distance
between two coil pair positions Azl pairs Should have a significant influence on
the Sona oscillations, because it determines the distance between the maximum
and minimum of By (see fig. 47), which theoretically is a half wavelength. Figure
47 shows three measurements of the magnetic field, including the influence of the
spinfilter. Simulations of the same magnetic fields are shown in figure 48, that
shows the x-component of B-field simulations, that have been used to simulate
the Sona oscillations (see fig. 49, right). Here the influence of the spinfilters is not
included though.
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Figure 48: Plot (left) and color map (right) representing x-component of the magnetic
field in the beam axis of a transversal Sona-transition unit with two coil pairs, depending
on the distance of the centers of these coil pairs Azcoii pairs-

The results of the measurement with a varying distance between the centers of
the two coil pairs Azl pairs Within a double coil pair are displayed in figure 49.
One can see, that there is almost no correlation between Az pairs and the pattern
of the Sona oscillations, leading to the conclusion, that both coils are acting al-
most independently on the occupation numbers of the Zeeman states of hydrogen
atoms.

The only observable effect caused by the variation of the distance between the
coil pairs is a slight stretch of the oscillation pattern towards relatively larger or
smaller Azcoj pairs-

DZcoit pairs [cm]
DZcojl pairs [€M]
N
o

Isona [A] Isona [A]

Figure 49: Color map representing the beam intensity of metastable hydrogen after pass-
ing through spinfilter 1, set to a1, a transversal Sona-transition unit with the current Is,,,

and spinfilter 2, set to a1 for different Az o pairs- This process is measured (left) and sim-
ulated (right).

The pattern produced by the simulation does look similar, but does not match
the measurement perfectly. The reason is probably the influence of the spinfilter
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B-field in the Sona-transition unit region, which is ignored in the simulation but
gets proven to be influential on such measurements in section 5.2.1.

5.2.3 Variation of the position of a single coil pair

B-185cm [MT]
N

Big.scm [MT] Bocm [MT]
(( g
/ j j A

-20 -10 0 10 20
Z [em]

Figure 50: Magnetic field measurements of a single coil pair transversal Sona-transition
unit for multiple positions zsona = —18.5 cm (top), 0 cm (middle) and 18.5 cm (bottom) of
the transition unit. The positions Zs,na = £10.25 cm correspond to a coil pair touching
a spinfilter. The spinfilters are turned on with the current Isp = 8.1 A and the Sona coils
with Ison, =5 A.

To see the influence of the spinfilter B-field on a measurement with a single coil
pair Sona-transition unit, such a unit is placed at various positions zgon, in be-
tween the spinfilters, changing how the spinfilter influences the B-field of the
Sona-transition unit (see fig. 50). The measurements with various zgon, are dis-
played in figure 51.
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Zsona [cm]

Isona [A]

Figure 51: Plot of measurements for 29 positions Zsona of a single coil pair transversal
Sona-transition unit. For geometric reasons it is not possible to use one coil pair for all
ZSona> therefore a coil pair switch is needed.

One can see, that the pattern does not change much within |z| <5 ¢m, but
gets weaker at the zgona-positions further out, until it is unrecognizable at |z| =
15 ¢m. In this outer region one can also see a diagonal pattern from Igo,, =0 A
and zsona = —10 cm to Ison, = 5 A and zgon, = —18 cm, which seems to mark
the transition from a dominant Sona-transition field in the relevant region to a
dominant influence of the spinfilter.

Because in reality the single coil pair Sona-transition unit is just one coil pair
of the double coil Sona-transition unit (see fig. 17), the geometry of the setup
does not allow the measurement for all positions with one coil. Therefore, the
coils are switched near the middle (zgona = —0.5 c¢m). Due to uncertainties in the
manufacturing or positioning of the coils, there is a slight break in the pattern at
the coil switch, although the measurements for both coil pairs at the same place
are still very similar (see fig. 52).
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Figure 52: Comparison of measurements with coil pair 1 and 2 at the same position
ZSona = —0.5 cm and other settings.

5.3 Variation of the distance from the beam axis to the coils

sec: magnetic field trans To investigate the influence of the distance x.; from the
beam axis to the coil, corresponding measurements have been conducted. The
magnetic field along the beam axis for three examples of x.,j have been plotted
in figure 53. In figure 77 in the appendix measurements of the magnetic field for
the same settings are displayed, but with the spinfilter B-fields turned off.

In the measurements with metastable hydrogen atoms, the fields of the spin-
filter could not be turned off, but have been ignored in the simulation of said mea-
surements. Instead the simulations of the magnetic field measurements in figure
54 have been used to simulate the spin propagation.
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Figure 53: Magnetic field measurements of a single coil pair transversal Sona-transition
unit for x5 = 5.25 cm (top), 9.65 cm (middle) and 13.65 cm (bottom). The spinfilters are
turned on with the current Isp = 8.1 A and the Sona coils with Is,,, = 5 A.

[mT/A]

Bx/lsona
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Figure 54: Simulation of the x-component of the magnetic field in a transversal Sona-
transition unit with a single coil pair for various xc..

As an example for the measurements and simulations of the polarized metastable
hydrogen atoms passing through the Sona transition, the results of o1 to a1 spin-
filter settings are displayed in figure 55. The measurements for the o1 to a2 and
a2 to o2 spinfilter settings can be found in figures 79 and 80 in the appendix.
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Xeoit [cM]

Figure 55: Measurement (left) and simulation (right) of oc1 a1 for various X ..

The pattern of this measurement and simulation look already similar and show
a pattern, that bends towards higher currents I5o,, for larger x.q;. The reason for
this bend is, that at larger distances of the coils from the beam, represented by x..i,
the same current produces smaller magnetic fields (see fig. 54), which actually
determine the pattern.

5.3.1 Normalizing to the B-field maximum

To correct for the changing correlation between the current /g, and the magnetic
field strength, the x-axis of the diagrams like in figure 55 is changed from Igop,
to the maximal magnetic field By,x occurring in the simulation (compare figs. 54
and 56).

1.01

z[cm]

Figure 56: Simulation of the x-component of the magnetic field in a transversal Sona-
transition unit with a single coil pair for various x..;. Normed to the maximum value.

The data from figure 55 for a1 to a2 with a changed x-axis is shown as figure

57. Additionally, measurements and simulations with the spinfilter settings o1 to
a2 and o2 to 2 are shown in figures 58 and 59.
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Figure 57: Measurement (left) and simulation (right) of alal for various x.,;.
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Figure 58: Measurement (left) and simulation (right) of al a2 for various x.;.
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Figure 59: Measurement (left) and simulation (right) of a2a2 for various X,

In all of these plots, the patterns are generally vertical, with a tendency to
slightly smaller B-fields for larger x.oj. The only exception are kinks near the
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minimal measured x.j. Figure 56 shows, that the peak in the x-component of
the B-field gets wider if the coils are further away from the beam, i.e. x.oj 1
larger. In the photon image of the interaction between magnetic fields and spin
objects this means, the wavelength of the photons becomes larger and the energy
of the photons diminishes. Therefore, the resonances of multi-photon transitions
also have smaller energies for higher x.q;;, which corresponds in the Breit-Rabi
diagram to a smaller magnetic field, which here is represented by Bpax.

Some measurements have kinks in the patterns for small x.q;;. For those x¢oj
the coils are very close to the beam, which makes the magnetic field quite inho-
mogeneous and the assumption of a nearly sine-like transversal component im-
precise. These imperfections in the magnetic field might make the assumption
of simple photon energies not easily applicable anymore and cause the visible
disturbances.
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Figure 60: Fourier analysis of the magnetic field in a Sona-transition unit for for various
Xcoil- The Fourier analysis of every X is normalized to its maximal amplitude.
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5.3.2 Comparison of measurements with o'12- and a2 1-settings
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Figure 61: Comparison of Sona oscillations between a1 to o2- and &2 to al-settings
Jor xeoit = 5.25 cm (upper left), 6.65 cm (upper right), 9.65 cm (lower left) and 13.65 cm
(lower right). The a1 to &2 data are also part of figure 79 and the left plot of figure 58.

From symmetry reasons explained in section 2.3.6 one expects the same result
when swapping the spinfilter settings. To verify this, four example measurements
have been conducted with spinfilter 1 set to @2 and spinfilter 2 set to a1. In figure
61 these four measurements are compared with the corresponding measurements,
that are also part of figures 79 and 58. These comparisons show, that the results

are actually very similar.

5.4 Variation of Kinetic energy

Because the influence of the possible geometric changes of the existing Sona-
transition unit coils on the magnetic wave is quite nonlinear, the frequency of a
photon in the photon image can be changed most easily and controlled by vary-
ing the velocity or kinetic energy (see eq. (18)). Because the velocity is directly
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proportional to the photon energy in the photon image (see eqs. (9) and (10)), in
this chapter, the velocity is applied to the vertical axis of the plot, instead of the
corresponding kinetic energy (see fig. 62).

v [10° m/s]

Figure 62: Measurement of ala?2 for various Ey;,, displayed as a function of the kinetic
energy (left) and velocity (right).

In some measurements, displayed as horizontal lines, another pattern is vis-
ible, which corresponds to higher measured intensities at low currents Iy, (see
for example fig. 62). This is caused by an effect in the spinfilters. Because the
transit time of particles is smaller for higher kinetic energies, the effect of the
electric fields in a spinfilter diminishes as well. One useful side effect of the elec-
tric fields, other than coupling 25/, and 2Py, states (see section 2.2), is, that ions
i.e. protons, that are not neutralized in the cesium cell and would cause a back-
ground signal in the photomultiplier by hitting the wall near the quench region
and producing radiation, are diverted already in the first spinfilter. If the diversion
of the spinfilters is not strong enough, ions also can be diverted by strong enough
transversal magnetic fields. That is why this effect is only relevant at small Igqp,.
When this effect was noticed while conducting measurements with increasing ki-
netic energy, the electric field strength was increased in the spinfilters to prevent
it for the following measurements.

5.4.1 Comparison measurement and simulation

Measurements of the Sona oscillations with a ramped current Ig,,, were con-
ducted for all four possible spinfilter settings and various kinetic energies between
0.5 keV and 4 keV. The same measurements were also simulated. In general the
direction of the patterns match between measurement and simulation. For the
spinfilter settings aloal (see fig. 63, top) and a2¢2 (see fig. 64, bottom) the
density of the peaks also fits very well. Therefore, for those spinfilter settings
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measurement and simulation fit well together overall. For aelo1 one can even
recognize disturbances, that exist in both the measurement and simulation and at
the highest velocity are visible at about Igon, = 4.5 A, 7.5 A and 10 A. But for
a202 some peaks of the measurement are more pronounced than others, while
this is not the case for the simulation.

2 4 6 8 10 0 2 4 6 8 10
Isona [A] Isona [A]

Figure 63: Measurement (left) and simulation (right) of alal (top) and al a2 (bottom)
for various Eyy,, displayed as a function of the velocity.

With a1 o2- (see fig. 63, top) and o2 1-settings (see fig. 64, bottom) the pat-
tern density of the simulations is higher than of the measurements. The simulation
also misses distortions similar to those for alal.
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Figure 64: Measurement (left) and simulation (right) of @21 (top) and a2o2 (bottom)
for various Eyy,, displayed as a function of velocity.

5.4.2 Extended simulation

Because the patterns of the measurements and simulations with a longitudinal
Sona-transition unit are very straight, one might assume to be in the region of
small magnetic fields, where the energy differences between the Zeeman states is
approximately linear. To confirm this hypothesis, the simulation was extended to-
wards higher Sona currents Isqp,, i.€. higher magnetic fields in the Sona-transition
unit and also towards higher velocities to decrease the pattern density and get a
better overview of the first few peaks.

Analogue to section 4.3.1 the resonance energies of al1a2- and a2f33-transitions
depend on the B-field strength (see fig. 10). Unlike in this section, the patterns in
the extended simulation the o1 @2-pattern is not as dominant but is overlapped
with the o233-pattern. Therefore it is more difficult to fit the wavelength A and
the ratio between the effective magnetic field and current kK = S:f so that the res-
onances match with the patterns. The values A = 25 ¢m and k = 0.34 mT/A have
been adjusted manually and used to calculate the resonances displayed in figure
65 (right). These values also seem reasonable compared to figure 38.
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Figure 65: Extended simulation for alal, ala2, a2ol and a2o2 (top to bottom),
including the resonances for manually fitted x and A (right).
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As the plotted a2 33-resonance shifts relative to the corresponding pattern, the
used values of x and A might not yet be perfect or the patterns might be distorted
by some unknown effect.

The only unexpected result of the extended simulation are diagonal patterns
in the bottom right of each plot, that are not explainable with either a1 2- or
o2 33-resonances.

5.4.3 Comparison of measurements and simulations with a1o2 and o2 1-
settings

When comparing the results of measurements with switched settings of the spin-
filter one expects the same result if the Sona-transition unit is symmetrical (see
section 2.3.6). Because existing spinfilters can only measure o-states, the swap
of spinfilter settings can only be confirmed experimentally for one spinfilter be-
ing set to o1 and the other being set to &2 when using hydrogen (protium). The
results of such measurements with varying kinetic energy are compared in figure
66. While the measurements are very similar for switched spinfilter settings, the
simulation for switched initial and final Zeeman states are exactly the same (see
fig. 67). Both results confirm the theoretical prediction.

v [10% m/s]
v [10% m/s]

Figure 66: Measurement of ala?2 (left) and a2ol (right) for various Ey;,, displayed as
a function of the velocity.
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Figure 67: Simulation of ala? (left) and a2l (right) for various Ey,,, displayed as a
function of velocity.

The extended simulations also give the same result for alo2 and a2o1 (see
fig. 68).

v [10° m/s]
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Isona [A] Isona [A]

Figure 68: Extended simulation of o1a?2 (left) and a2al (right) for various Ey;,, dis-
played as a function of velocity.
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6 Conclusion and outlook

The objective of this thesis is to conduct first measurements with transversal
Sona-transition units and to compare to the older design of a longitudinal Sona-
transition unit. Measurements with both kinds of unit are also compared to corre-
sponding simulations.

While a longitudinal Sona-transition unit consists of two electromagnets that
are aligned parallel and antiparallel to the beam axis, the initial design of a transver-
sal Sona transition unit uses two coil pairs that each create a magnetic field orthog-
onal to the beam direction. The coil pairs are placed at different positions of the
beam line with opposite orientation to produce a spatially oscillating magnetic
field for the beam. After some experiments indicated, that a single coil pair might
be sufficient to create the desired effects, one coil pair was deactivated and the rest
of the apparatus is used as a single coil pair Sona-transition unit.

To assess the influence of the geometry of a Sona-transition unit, geometric
parameters of both Sona-transition units were varied and the resulting impact on
the Zeeman state’s occupation number analyzed. A visual representation of the
parameters is displayed in figure 18.

One important measurement is the variation of the distance between the two
coil pairs Azcoi pairs Of @ double coil pair Sona-transition unit. The theory (see
section 2.3.3) predicts, that Azcoii pairs directly correlates to a pattern change of
resonances in the resulting Sona oscillation. Surprisingly the simulation and mea-
surement of such a change of the geometry resulted in almost no change of the
Sona spectra (see fig. 49). This result is interpreted by regarding the double coil
pair as two consecutive but nearly independent single coil pair Sona transition
units.

To evaluate the influence of stray fields from spinfilters before and after the
Sona-transition unit, the position of the entire Sona-transition unit zgo,, along the
beam pipe was changed and the corresponding Sona oscillations measured. This
was done with a double coil pair- and a single coil pair Sona-transition unit. The
oscillations of the single coil pair Sona-transition unit does not change much but
vanishes for positions near either spinfilter (see fig. 51). On the other hand the
results for the double coil pair Sona-transition unit are quite different. Here two
breaks are visible in the Sona oscillation patterns (see fig. 45). Apparently the
effect of a coil pair is deactivated if it is too close to a spinfilter, because the
longitudinal spinfilter stray field overrides the effect of the transversal coil pair
field. Interestingly the pattern of zgon, With a deactivated coil pair is very similar
to the pattern of the single coil pair Sona-transition unit (see fig. 46). The pattern
is in between the breaks is the interaction between two single coil pair Sona-
transitions.

A third type of measurement is conducted by varying the distance of a coil
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from the beam axis x..; for a single coil pair Sona-transition unit. The results
of this measurement come out as expected and agree with the simulation. Two
expected effects were observed. On one hand the overall higher magnetic field
for smaller x.q; stretch out the according patterns. On the other hand one can see,
that the patterns that remain after correcting for the first effect correspond to a
change of the wavelength of the oscillating spacial magnetic wave produced by
the Sona-transition unit (see section 5.3).

Another expectation, that is confirmed by this thesis, is a conclusion from time
reversal independence. The concrete prediction is, that swapping the initial and
final state of atoms measured in a Sona-transition unit gives the same result if the
magnetic fields inside are symmetrical. This prediction is observed experimen-
tally in both the longitudinal (see section 4.3.2) and transversal (see section 5.4.3)
Sona-transition units with good precision. Simulations of a perfectly symmetrical
Sona-transition unit found even a perfect match (see figs. 67 and 68).

Overall the simulations fit well to the measurements in both longitudinal and
transversal Sona-transition units. For both, extended simulations found that the
measurements can analyze the behavior of atoms in the Zeeman region while the
behavior in the Paschen-Back region at higher magnetic field strengths can only be
simulated because the coils of the Sona-transition units are not designed for higher
currents, i.e. higher magnetic fields. For research in this area coils producing
higher B-fields should be used. For example they could have thicker wires and
more windings or get water cooled.

Another experiment, which does not change the geometry of a Sona-transition
unit, utilizes that atoms passing the Sona-transition unit perceive its spatially os-
cillating magnetic fields differently if they pass it with another velocity. when the
atoms are faster, they experience the oscillations with a higher frequency. This fre-
quency corresponds to higher energy photons that cause resonances in the Breit-
Rabi diagram. Using this relations one can plot measurements and simulations in
a way that directly shows the Sona oscillations as the energy differences in the
Breit-Rabi diagram as a function of the magnetic field. The corresponding mea-
surements and simulations of a transversal Sona-transition unit fit well together
and give the expected match with the Breit-Rabi diagram energy differences (see
section 4.3). For the longitudinal Sona-transition unit a similar simulation is con-
ducted (see section 5.4). Here the patterns also fit well to the Breit-Rabi energies
but a measurement with various velocities is not conducted, because the setup was
rebuild for other experiments when the necessity for such a measurement became
apparent. Such measurements could be done in the future.

An interesting observation in the plots of measurements with various velocity
is, that multiple resonances overlap and cause superpositions, that can create extra
peaks in measurements with only one velocity. Previous methods that used only
atoms of one velocity may misinterpret such peaks as a resonance each, leading
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to warped results. When analyzing a plot of measurements with various veloci-
ties, one can easily recognize double peaks created by superpositions and conduct
spectroscopy in the Breit-Rabi diagram. Such a method may even lead to a new
way of measuring g-factors, because the Breit-Rabi energies are directly depend-
ing on them.

Generally we can transform electron polarization into nuclear polarization by
the methods described in this thesis. If used on a larger scale, techniques using
Sona-transition units can produce fuel for polarized fusion or polarized tracers,
that can be useful in medicine. In an actual application of the universities of
Miinster, Crete, Diisseldorf and Ferrara to the european innovation council (EIC)
it is foreseen to produce an intense thermic beam of cold HD- or D,-molecules so
that the rotational magnetic moment is J = 0. With a powerful infrared laser these
molecules are pumped to a dedicated substate my so that the rotational angular
momentum is polarized. This polarization can now be transferred to the nuclear
spin via a Sona transition or by making use of the hyperfine beat of the substates.
Here the hyperfine splitting energy is about two orders smaller than for the hydro-
gen atom, but this is compensated by the much smaller velocity of the molecules,
that decreases the photon energy linearly. Afterwards the nuclear polarization can
be measured with a Lamb-shift polarimeter to optimize the polarization process.
With this method it should be possible to produce 10?% polarized molecules per
second for further use.
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Appendix

A Magnetic field of a longitudinal Sona-transition unit
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Figure 69: Measurement with Is,,, = 0.2 A (top left), measurement with SF1 and SF2 on
and Isyn, = 0.2 A (top right)and background measurement (bottom right). The origin of
the data are measurements conducted for [13].
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B Simulations of a longitudinal Sona-transition unit

v [10° m/s]
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Figure 70: Extended simulation for a1B3, al1B4, 23 and o24 (top to bottom),
including alo2- (black) and a2 3- (red) resonances (right). The K and A are fitted to
the ala2-patterns of the alal-simulation. The color gradiant does not match between
the images. The by magnitudes smaller intensity of the B4-state is therefore not reflected
by the colors.
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C Magnetic fields of transversal Sona-transition units
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Figure 71: Full magnetic field measurements in the Sona-transition unit and spinfilters
with single coil pair 1 and Isyn, =5 A.

M A n,\ == SF off

= simulation 4

By [mT]
o

By [mT]

B; [MT]
[%;]
o

_50 L T T T T

—-60 —-40 -20 0 20 40 60
z [ecm]

Figure 72: Full magnetic field measurements in the Sona-transition unit and spinfilters
with single coil pair 2 and Isy,, = 5 A.
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Figure 73: Magnetic field measurements in the Sona-transition unit region with single
coil pair 2 and Isyn, = 5 A.
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Figure 74: Magnetic field measurements in the Sona-transition unit and spinfilters with
the double coil pair, i.e. both single coil pairs combined and Isy,, = 5 A.
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Figure 75: Magnetic field measurements of a single coil pair transversal Sona-transition
unit for multiple positions zsonga = £18.5 cm and 0 cm of the transition unit. The positions
Zsona = £18.5 c¢m correspond to the coil pair touching a spinfilter. The spinfilters are
turned off.
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Figure 76: Magnetic field measurements of a double coil pair transversal Sona-transition
unit for multiple positions zson, = £10.25 cm and 0 cm of the transition unit. The positions
ZSona = £10.25 cm correspond to a coil pair touching a spinfilter. The spinfilters are
turned off.
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Figure 77: Magnetic field measurements of a single coil pair transversal Sona-transition
unit for x.o; = 5.25 cm (top), 9.65 cm (middle) and 13.65 cm (bottom). The spinfilters are
turned off.
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Figure 78: Magnetic field measurements of a double coil pair transversal Sona-transition
unit for Az =16.5 cm (top), 20 cm (middle) and 24 cm (bottom). The spinfilters are turned

off-

80



D Measurements and simulations of transversal Sona-transition
units

D.1 Variation of the coil distance x.,; from the beam pipe
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Figure 79: Measurement with a single coil pair for various x..;; and the spinfilter settings
of al to a2.
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Figure 80: Measurement with a single coil pair for various X..;; and the spinfilter settings
a2 to o2
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Figure 81: Simulations with alal-, ala2-, alB3- and ol B4-spinfilter settings (top to
bottom) and varying x.,i. The color gradient does not match in between the images. The
by magnitudes smaller intensity of the B4-state is therefore not reflected by the colors.
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Figure 82: Simulations with a2al-, «2a2-, a23- and o2B4-spinfilter settings (top to

bottom) and varying x.,i. The color gradient does not match in between the images. The
by magnitudes smaller intensity of the B4-state is therefore not reflected by the colors.
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D.2 Variation of the kinetic energy
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Figure 83: Simulations with a1B3- (top left), alB4- (top right), a2B3- (bottom left) and
o2 34-settings (bottom right) for various Eyy, displayed as a function of the velocity. The
color gradient does not match in between the images. The by magnitudes smaller intensity

of the B4-state is therefore not reflected by the colors.
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Figure 84: Extended simulations with a1B3-, alB4-, a23- and a2B4-settings (top to
bottom) for various Ey;,, including the resonances for manually fitted K and A (right),
displayed as a function of the velocity. The color gradient does not match in between the
images. The by magnitudes smaller intensity of the B4-state is therefore not reflected by
the colors.
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