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Abstract

For decades, Lamb-shift polarimeters have been used successfully to measure the nuclear
spin polarization of hydrogen and deuterium atomic beams as well as proton and deuteron
beams. In particular, they are used for polarized atomic beam sources, which in turn
are used as sources for accelerators or as internal gas targets in collision experiments. In
previous experiments it has been shown that Lamb-shift polarimeters are also suitable
for measuring the nuclear spin polarization of hydrogen and deuterium molecules and
molecular ions. Since polarized atomic beam sources are largely exhausted in terms of
their intensity and since nuclear spin-polarized molecules are advantageous in various
applications, the development of a polarized molecular beam source was started at the
Budker Institute for Nuclear Physics in Novosibirsk. It has already been demonstrated
that with a prototype of such a source, parts of the molecular beam can be focused,
which is an indirect proof of successful polarization of the beam.

In order to confirm this result through direct polarization measurements and to determine
the degree of nuclear-spin polarization of the bound atoms, a Lamb-shift polarimeter
was build at the research center Jiilich, in a cooperation of the Peter-Griinberg Institute
(PGI), the Institute for Nuclear Physics (IKP) and the Institute for Laser and Plasma-
Physics (ILPP) of the Heinrich-Heine University Diisseldorf. After checking the components
and optimizing the magnetic field homogeneity of the spin filter in Jiilich, the Lamb-shift
polarimeter was sent to Novosibirsk and connected to the source. The functionality of
the polarimeter has been shown through first measurements with atomic beams.

In addition, a Lamb-shift polarimeter setup in Jiilich was supplemented by a second spin
filter and two coils to carry out experiments with Sona transitions in the 2S; , state of
hydrogen atoms. The setup is capable of performing spectroscopy with quantum energies
in the order of 10neV.
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Zusammenfassung

Lambshift-Polarimeter werden seit Jahrzehnten erfolgreich genutzt um die Kernspin-
Polarisation sowohl von Wasserstoff- und Deuterium-Atomstrahlen, als auch von Proton-
und Deuteronstrahlen zu messen. Insbesondere wird es bei polarisierten Atomstrahlquel-
len eingesetzt, die wiederum als [onenquellen fiir Beschleuniger oder als interne Gastar-
gets in Kollisionsexperimenten genutzt werden. In vorhergehenden Experimenten konnte
gezeigt werden, dass sich Lambshift-Polarimeter auch fiir die Messung der Kernspin-
Polarisation von Wasserstoff- und Deuterium-Molekiilen und Molekiilionen eignen. Da
polarisierte Atomstrahlquellen hinsichtlich ihrer Intensitéat weitestgehend ausgereizt sind
und da kernspin-polarisierte Molekiile fiir eine Reihe von Anwendungen vorteilhaft sind,
wurde die Entwicklung einer polarisierten Molekiilstrahlquelle am Budker Institut fiir
Kernphysik in Nowosibirsk begonnen. Es konnte bereits gezeigt werden, dass mit einem
Prototyp einer solchen Quelle Teile des Molekiilstrahls fokussiert werden konnen, was
ein indirekter Nachweis einer erfolgreichen Polarisierung des Strahls ist.

Um dieses Ergebnis durch eine direkte Polarisationsmessung zu bestiatigen und den
Grad der Kernspin-Polarisation der gebundenen Atome zu bestimmen wurde im For-
schungszentrum Jiilich — in Zusammenarbeit des Peter Griinberg Instituts (PGI), des
Instituts fiir Kernphysik (IKP) und des Instituts fiir Laser- und Plasmaphysik (ILPP)
der Heinrich-Heine Universitdt Diisseldorf — ein Lambshift-Polarimeter gebaut. Nach
Uberpriifung der Komponenten und Optimierung der Magnetfeldhomogenitéit des Spin-
filters in Jiilich wurde das Lambshift-Polarimeter nach Nowosibirsk versandt und mit
der Quelle verbunden. Durch erste Messungen mit Atomstrahlen konnte die Funkti-
onsfahigkeit des Polarimeters gezeigt werden.

Auflerdem wurde ein Lambshift-Polarimeter Aufbau in Jiilich um einen zweiten Spinfil-
ter und zwei Spulen ergénzt um Experimente mit Sona-Ubergéingen im 2S; /2 Zustand
von Wasserstoff-Atomen durchzufiihren. Dabei zeigte sich, dass ein solcher Aufbau ge-
eignet ist um Spektroskopie mit Quantenenergien in der Groflenordnung von 10neV

durchzufiihren.
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1. Introduction

Nuclear spin-polarized hydrogen and deuterium atoms and ions are used in a variety of
experiments around the world. Especially, experiments at particle accelerators with po-
larized projectiles and/or polarized targets are of great interest in experimental nuclear
physics. By measuring polarization observables — such as the analyzing power (either
beam or target are polarized), the polarization transfer coefficients (beam or target are
polarized and the ejectiles’ polarization is measured) or the spin-correlation parameters
(beam and target are polarized) — additional independent observable quantities are ob-
tained. With these observables, deeper insights into the physics of nuclear reactions are
possible than with cross-sections alone [Alt4+00]. To allow this kind of measurements
sources and targets of nuclear spin polarized atoms, molecules and/or ions are required.
Today, there are more than 20 sources for polarized atoms or ions, which follow three

different working principles [Bell3]:

e Atomic Beam Sources (ABS), which utilize electron spin dependent beam sepa-
ration (Stern-Gerlach) and radio-frequency transitions between hyperfine states
(Breit-Rabi),

e Optically Pumped Polarized Ion Sources (OPPIS), which use optically pumped
alkali atoms in charge exchange reactions with unpolarized protons (deuterons)
to produce electron spin-polarized atoms and hyperfine transitions to convert the

electron-spin polarization into nuclear-spin polarization, and

e Lamb-shift Sources, which utilize a spin filter for selective quenching of metastable

atoms and ionization of remaining metastable atoms.

While Lamb-shift Sources are rarely used today, the underlying method is still used for
the Lamb-shift polarimeter.

In order to tune an atomic beam source, it is helpful, if not mandatory, to be able to
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measure the polarization of its beam — ideally without using an accelerator and nuclear
reactions with known analyzing power. If an acceleration stage is ought to be avoided,
the usual options are Breit-Rabi or Lamb-shift polarimeters.

With Breit-Rabi polarimeters, the principle of operation of atomic beam sources is re-
versed. Thus, they are able to determine the relative occupation numbers of all hyper-
fine states of hydrogen and deuterium atoms — usually of the ground states, but with a
different tuning also metastable states could be measured. However, polarization mea-
surements of atomic ions, molecules, or molecular ions are not possible unless the ions
are converted into neutral atoms through a polarization conserving process (neutraliza-
tion, dissociation, or neutralization and dissociation, respectively). Examples of the use
of Breit-Rabi polarimeters are the HERMES [BH98|, EDDA [HR00], and PAX [Ciu+11]
experiments.

Lamb-shift polarimeters use the fact that the metastable 25, ; state is energetically sepa-
rated from the short-lived 2Py, state by the Lamb-shift, but can be coupled with combi-
nations of static electric, static magnetic and radio-frequency fields. This takes place in a
spin filter which — in its original form — was first proposed by McKibben et al. [MLOGS|.
Under certain conditions only a single hyperfine substate of the metastable 25/, state
remains populated in the beam, which then can be detected. If the nuclear-spin polariza-
tion is conserved during the formation of the metastable atoms from ground state atoms,
molecules, atomic ions and molecular ions, their polarization can be measured. Lamb-
shift polarimeters have been successfully used at various facilities around the world. A
few examples are TUNL in Durham [Lem+93], BNL in Brookhaven [Zel+02], and three
at IKP in Jiilich. Here, one is used for polarization measurements at the COSY ion
source [Fel413]. Another one was exploited at the internal target of ANKE [Eng02] and
is now primarily used in recombination experiments [Eng+14; Eng+20b]. The third one
is used in several experiments including a proof of concept for a new type of laser driven
polarized ion source [Kan+19], hydrogen spectroscopy with a Sona transition [Eng+20a]
(also part of this work), and studies of the production of metastable atoms from molecu-
lar ions (this work). With the Lamb-shift polarimeter at the ANKE atomic beam source
the polarization of the direct beam can be measured within a few seconds. Over the
years it proved to be a reliable device which is capable not only of measuring relative
polarizations for the optimization of atomic beam sources, but also of measuring the

absolute polarization with an uncertainty of about 1% [Eng+03].



Recently, the possibility of producing nuclear spin-polarized hydrogen molecules received

more attention. Some reasons for this are:

e The beam intensity of atomic beam sources has largely been exhausted, but with

polarized molecules the target density in storage cells could be increased further.

e HD, Dy and DT molecules can be frozen out and, if their nuclear polarization is
conserved, highly polarized solid targets with minimal amounts of impurities could

be produced.
e The Dy or DT ice could be used as fuel for polarized fusion.

e In combination with a stripping injection, molecular ion-beam sources could serve
as sources of polarized protons and deuterons for accelerators which would be easier
to handle, since the orientation of the polarization vector of molecular ions is not
changed in Wienfilters or similar deflection devices in beam lines!'. In addition, a
Ho* (D2™) beam would provide twice the number of protons (deuterons) after the

stripping for the same charge density before the injection.

e Polarized molecules could serve as targets for laser-driven acceleration of polarized

protons and deuterons.

In Jiilich the production of polarized molecules by recombination of polarized atoms
has already been demonstrated [Eng+15]. A major advantage of this approach is that
different combinations of nuclear spin orientations in HD molecules can be achieved
[Eng+20b]. Due to the similarities of hydrogen and tritium the same should be possible
for DT molecules. Since extended safety measures, however, are needed for the handling
of tritium, this has not been done yet. The major disadvantage is that it does still rely
on an atomic beam source and, therefore, a scaling for higher intensities is very limited.
In Novosibirsk, a different approach is being pursued to generate beams of polarized
molecules [Top+17]. Here the polarization of the molecules is achieved — directly — by
separating the molecules by their nuclear spin orientations in a Stern-Gerlach-like setup.
A dedicated molecular beam source, involving a superconducting magnet with 60 poles,
has been proposed [Yur+17]. To prove the concept and gain experience, a prototype of

such a molecular beam source was built by modifying an existing atomic beam source

I This is explained in Sect. 2.4.2.



1. Introduction

comprising sextupole magnets. By measuring the flux of molecules into a compression
tube behind the prototype, while the magnets are switched on and off, indications for a
successful Stern-Gerlach separation of the molecules were observed [She+19]. In order
to verify these findings and measure the polarization of the molecules directly, a suitable
polarimeter is needed. Since a Lamb-shift polarimeter has been successfully used with
polarized molecules in the recombination experiments mentioned earlier, a polarimeter
of this kind was taken into consideration for these measurements. With an estimated
detection limit of about 10 molecules/s, polarization measurements of beams with
about 102 molecules /s should be challenging but possible with a Lamb-shift polarimeter.
Building a Lamb-shift polarimeter in collaboration of the groups in Novosibirsk and
Jilich (IKP and PGI) and in support of the Heinrich-Heine Universitét Diisseldorf was
proposed to and granted by the German Research Foundation (project no. BU 2227/1-
1) and the Russian Science Foundation (project no.16-42-01009). In addition to its
intended use for measurement with molecules, the Lamb-shift polarimeter can also be

used with the atomic beam source.

Remarks:

e In the following the phrases “magnetic field” and “magnetic field strength” are
used as synonyms for “magnetic flux density” for more convenient reading. Since
the magnetic flux density vector B is related to the magnetic field strength vector
H and the magnetization vector M via B = po(H + M), and since M = 0 in
vacuum, the magnetic flux density and magnetic field strength are proportional,

with the proportionality factor yo & 47 - 107 &2 (vacuum permeability).

e Although only the isotopes hydrogen and deuterium are mentioned here, polar-
ization measurements of tritium are possible, too. Since tritium also possesses
a nuclear spin of I = 1/2, it behaves very similarly to hydrogen in a Lamb-shift

polarimeter. The difference in mass is primarily only noticeable in the Wienfilter.



2. Theory

2.1. Atomic Theory

The concept of the atom is one of the most important and successful approaches to de-
scribe nature. Originally, atoms were considered as indivisible or “uncuttable” (Greek:
atopnog) particles, of which everything is made of. From its first occurrences, in ancient
Greece and India, the concept of atoms has changed drastically.

In the early 1800s, first evidences for the existence of atoms were found, for example
by John Dalton with his “law of multiple proportions” and by Robert Brown, in the
random motion of dust particles in water, called “Brownian motion” [Bro28]. In 1897,
J.J. Thomson’s discovery of the electron [Tho97], as part of the atom, gave rise to the
first model to describe atoms, which, despite the fact they could no longer considered
“uncuttable”, kept their name. In this so called “plum pudding model”, the atom is de-
scribed as a sphere of positive charge, throughout which the light and negatively charged
electrons are distributed. The next milestone was set by Ernest Rutherford in 1909 by
proving the existence of a small but heavy nucleus, in which the positive charge of the
atom is contained, and which is widely surrounded by the electrons [Rutll]. A few
years later — 1913 — Niels Bohr proposed his famous model [Boh13], the first model, that
included the quatization of energy and angular momentum and, thus, was the starting
point of quantum-mechanical atomic theory. With the progress in quantum theory, also
the atomic theory advanced. After Louis de Broglie postulated the wave-like character of
particles [Bro24], Erwin Schrodinger published his famous equation [Sch26], which is the
starting point for a new mathematical language of quantum mechanics. Unlike before,
as in the theories of Bohr and Sommerfeld, electrons do no longer describe defined tra-
jectories around the nucleus. Instead, only probabilities of finding electrons in a volume

can be specified. In quantum mechanics, observables are described by operators. Since
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then, quantum mechanics has been steadily improved. With Paul Dirac, relativity was
integrated into the quantum mechanics of Schrodinger. Shortly afterwards, the develop-
ment of quantum-field theories began with quantum electrodynamics. Very few theories
agree so well with experimental measurements and have been tested as intensively as
these quantum-field theories. With the new Sona transition spectroscopy, which will be
discussed in Sects. 2.6 and 2.6, another tool is available to experimentally access the

quantum electrodynamics corrections of the Breit-Rabi theory.

2.1.1. Quantum Mechanics of Angular Momenta

Generally, an angular momentum L is defined as the cross product of the distance to
the rotational axis r and the linear momentum p of a point-like particle: L = r X p.
As, in the language of quantum mechanics, all observable quantities are expressed by
operators, the angular momentum operator L is the cross product of position operator 7
and momentum operator p. Using the canonical commutation relation for position and

momentum operator, which is a representation of Heisenberg’s uncertainty principle,

[Pt D] = i Rt (2.1)
the commutation relation for angular momenta result in
[il, Em] — i Bl . (2.2)

Consequently, only a single component of an angular momentum can be observed at the

same time. For the magnitude L? = ig+i§+i§ one can calculate, that
[132,24 - [iﬂ,iy} - [iﬂ,iz} —0, (2.3)

meaning, that the magnitude L? and a single component (as conventional in litera-

ture the z-component L, is used here) of a generic angular momentum can be defined
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simultaneously. With the eigenfunctions |l,m), the relation holds:
L2 |l,m) = K21 (14 1) |I,m) (2.4)
L.|l,m) =hEm|l,m) . (2.5)

By using ladder operators Li=1L,+i I:y, it can be derived, that [ is always a multiple

of 1/2 and m can take values from m = —[ to m = [ in steps of one.
[=0,1,2,... or [=123/ .. (2.6)
m=—l,—(1—1),....0—1,1 (2.7)

The spin s (discussed in Sect. 2.1.2) can take integer (bosons) or half-integer (fermions)
values. Protons, neutrons and electrons are all fermions with s = 1/2. In atoms, the
quantum number for orbital angular momentum ¢! can only take integer values. By 7,
the coupling of orbital angular momentum and electron spin — the total electron angular
momentum — is denoted. The nuclear spin I is composed from the spins of protons and
neutrons in the nucleus. And the coupling of nuclear spin and total angular electron

momentum is denoted by F'.

2.1.2. Stern Gerlach Experiment and the Spin

The Stern-Gerlach experiment is a famous experiments in modern physics. It was pro-
posed by Otto Stern in 1921, conducted and published by him and Walther Gerlach in
1922 [GS22|. Essentially, the experiment comprised a silver evaporating furnace, a strong
magnetic field, and a glass slide on which the silver atoms condensate after passing the
magnet. By means of a small hole in the furnace and subsequent apertures, a beam of
silver atoms is formed. The magnetic field, through which the beam is passing, is ori-
ented perpendicular to the beam axis with a strong gradient in the direction, labeled as

z-axis. A scheme of the setup is shown in Fig. 2.1. Since the potential V' of a magnetic

INote the different notation of a generic angular momentum number [ and the specific orbital
angular momentum number /.
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z — axis
Figure 2.1.: Scheme of the Stern-Gerlach experiment setup.
moment g inside a magnetic field B = B(z) é, is given by
V=—p-B, (2.8)

a force F' acts on the magnetic moment in the direction of the magnetic field gradient

OB,
0z

given by

B
9B: o. . (2.9)

F:—VV:[LzWBz

In classical physics the projections of the magnetic moments to the z-axis u, would have
continuous values, and thus, the silver atoms would be evenly distributed along the z-
axis on the glass screen. Contrarily to this classical expectation a discrete separation into

two parts was found. Although the experiment confirmed the quantization of angular

eh
2Me

momenta and a value of about one Bohr magneton (up = ) for the magnetic moment
of silver atoms, it was still a surprising outcome even for those, who supported the hy-
pothesis of angular momentum quantization. According to the Bohr-Sommerfeld model,
which was the most prevalent atomic model at that time, the only quantum number ac-
countable for the magnetic moment of an atom was the magnetic quantum number,
also called secondary orbital angular momentum number my, with: s atom = B M-
However, m, can only take values from —¢ to ¢, in steps of one (see Eq. (2.7) ). As {
in turn can only take integer values from zero to (n — 1), only odd numbers (2¢ + 1) of
projection quantum numbers £, = my h onto a quantization axis z were thought possible.

In particular, for a silver atom it was assumed that, in the ground state, the angular
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momenta of electrons would cancel for all but one electron, and that for this electron
the angular momentum quantum number would be ¢ = 1. Therefore, a splitting of the

beam into three branches was expected.

The explanation for this observation was provided in 1925 by Samuel Goudsmit and
George Uhlenbeck, by introducing the spin quantum number s for the electron, which
can be regarded as an intrinsic angular momentum [UG26]. As it turned out later, the
spin is a fundamental property of particles and can take values as multiple of 1/2, while
particles with integer spin (s = 0,1, 2, ...) are called bosons, whereas particles with half-
integer spin (s = 1/2,3/2,...) are referred to as fermions. Since the spin mathematically
behaves like an angular momentum, projections onto a quantization axis are defined
by the secondary spin quantum number mg, which, analogous to the secondary orbital
angular momentum quantum number my, can take values from —s to s in steps of one
(ms=—s,—(s—1),..., (s = 1), s). In case of fermions the number of possible m-states
is even, and therefore, also the number of projections onto the quantization axis z, given
by s, = myh, is even.

An electron, a fermion with spin s = 1/2, therefore, has two possible orientations in a
magnetic field, which are also referred to as “spin up” (ms = +1/2) and “spin down”
(mg = —1/2). Thus the two projection onto the quantization axis z are s, = +1/2h. The
magnetic moment, caused by the spin of an electron is us = —gsupms, with g, being the
g-factor for the electron spin. When now ¢ = 0 is assigned to the ground state of silver
atoms, the spin of the single unpaired electron is responsible for the magnetic moment
of the silver atom and the beam will be separated into atoms with “spin up” and “spin
down” in the gradient field. With m; = £1/2 and gs ~ 2, the absolute value of the silver

atom’s magnetic moment is about one Bohr magneton.

2.1.3. Zeeman and Paschen-Back Effect

The potential energy of a magnetic moment in a magnetic field (Eq. (2.8)) contributes
to the Hamiltonian of an atom, or in other words, the binding energy of any atomic
state with a magnetic moment varies, if an external field is applied. Thus, the energy
difference between states with different magnetic moments changes as function of the

magnetic field. These changes to atomic spectra were first observed by Pieter Zeeman
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in 1896 [Zee97]. In his honor the phenomenon is called Zeeman effect. A theoretical
explanation were provided by Hendrik Antoon Lorentz two years later [Lor99]. In 1902,
both were rewarded with a Nobel prize. In weak magnetic fields, where the spin-orbit
interaction is stronger than their interaction with the external field, the additional energy

can be expressed by:
AEiZee = /LBngjBext ) (210)

with g; being the Landé g-factor, which for an atom with a single electron simplifies
to g7 &~ 14 (20 +1)7!. In stronger magnetic fields, the spin-orbit coupling breaks and
the magnetic moments of spin and orbital angular momentum, get oriented separately
in the external magnetic field. This effect is named Paschen-Back effect, after Friedrich
Paschen and Ernst Back, who discovered it in 1921 [PB21]. The energy difference is
given by:

AEpp = up (mg + gsms) Bext (2.11)

with the electron g-factor g ~ 2.

2.1.4. Fine and Hyperfine Structure

Already in 1887 A.A. Michelson and E.W. Morley discovered a splitting of the red
spectral line of hydrogen into two components [MMS87]. This fine structure could first be
explained by Sommerfeld, without the knowledge of the spin [Som16]. Since the discovery
of the electron spin, the fine structure is explained by the interaction of the magnetic
moments created by the spin and the orbital angular momentum of the electron. The
potential energy of this interaction, combined with relativistic effects and the so called

Darwin? term gives the energy splitting of the fine structure as
a\’ n 3
AE,; = E, (—) — 2 (2.12)

2Named after Charles Galton Darwin, not to be mistaken with Charles Robert Darwin, his possibly
more famous grandfather.

10
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where v & 1/137 is the fine-structure constant.
When the nuclear magnetic moment puy, created by the nuclear spin I, is considered,
another energy splitting occurs, which is called hyperfine structure. In a simplified

version it can be expressed as:

ABpps — %A (F(F+1)—I1(I+1)—J(J+1) . (2.13)

where A is a parameter, which has to be determined experimentally, and is called
hyperfine-structure constant. The total spin F' is composed of the total electron an-

gular momentum J and nuclear spin [ with |[I — J| < F <1+ J.

2.1.5. The Lamb-shift

Several measurements of the hydrogen and deuterium spectrum around the year 1937
showed another splitting ([Hou37], [Pas38], [Wil38]), which could not be explained by the
Dirac theory alone. To confirm these findings Willis Lamb and Robert Retherford came
up with a new method to measure the 25, 5 and 2P, /5 levels of hydrogen and deuterium.
By utilizing the Zeeman effect, they were able to observe microwave transitions of the
2515 to the 2P/ and 2P3/, states, at different magnetic field strength. By extrapolation
of the obtained data to B = 0 they found an energy difference between the 2S; » and the
2Py /5 state of about 1000 MHz, i.e., about 4 - 107%eV [LR47]. A scheme of their setup
is shown in Fig. 2.2. After some improvements of the setup ([LR50], [LR51], [Lam52]),
the energy difference, later called Lamb-shift, was undoubtedly confirmed. Lamb was
rewarded with the Noble prize in 1955 for this finding. A theoretical explanation was
provided by Richard Feynman in the framework of quantum electrodynamics (QED)
[Fey48]. The potential for electrons close to the core is reduced by quantum fluctuations
and increased by vacuum polarization. Since the effect of quantum fluctuations is larger
than the effect of vacuum polarization, and electrons in S-shells (¢ = 0) have a higher
probability to be close to the core, their binding energy is reduced more than electrons
with ¢ > 0. Today, the theoretical and experimental values of the Lamb-shift are in
excellent agreement, and the theoretical value can be calculated with higher precision
than it can be measured. In 1956, Feynman, Schwinger, and Tomonaga received a Nobel

prize for their work on this matter.
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Figure 2.2.: Schematic drawing of the experimental setup of Lamb and Retherford. In
an oven hydrogen gas is dissociated to form a beam of hydrogen atoms with
thermal energies. By bombardment with electrons atoms are exited to the
metastable 2S;/, state. After passing through a radio frequency electro-
magnetic and a static magnetic field, metastable atoms are detected, by
collecting electrons, released from a wolfram plate due to impact ionization.
While the kinetic energy alone is not sufficient overcome the work function,
the excitation energy of the metastable atoms contributes to cause a signal
in the detector. If, for a given magnetic field, the frequency of the electro-
magnetic field matches the energy difference to either the 2P/, or the 2P3/,
state the amount of metastable atoms in the beam decreases.

2.1.6. Breit-Rabi Diagrams of Hydrogen and Deuterium Atoms

External magnetic fields do not only act on the magnetic moments, produced by electron
spin and orbital angular momentum, but also on the magnetic moments created by the
nuclear spin, which causes the hyperfine splitting. In a weak magnetic field, the nuclear
spin I and the total electron angular momentum .J couple to the total spin F. The
nuclear spin of hydrogen is I = 1/2, thus states with J = 1/2 (1S1/2, 2S1/2, 2P1/2,...) have
a total spin of either F' =1 or F' = 0. In case of ' = 1, the projections mp in an external
magnetic field can be mp = —1,0,1, while for ' = 0 only mpr = 0 is possible. Like
the m; in Eq. (2.10) these projections have different energies in weak external magnetic
fields and the state with ' = 0 is separated from the three other states by the hyperfine
energy. The nuclear spin of deuterium is / = 1, thus states with J = 1/2 will have a

total spin of either F' = 3/2 or F' = 1/2. Again each projection mp has a different energy

12



2.1. Atomic Theory

in weak external fields and the states with F' = 1/2 and F' = 3/2 are separated by the
hyperfine energy.

In stronger magnetic fields the coupling between I and J starts to break up, until both
spins will align individually in the external field. States are now characterized by m;
and m, instead of F' and mp.

For hydrogen atoms with [ = 1/2 the four substates of any state with J = 1/2 in an

external magnetic field are
D |F=1,mp=+1) = |m; = +1/2,m; = +1/2) (2.14a)

@ 1,0 2 % (VIFalB) |=fo, +42) + /T~ a(B) [+1/2,— 112 (2.14b)

@ |1, -1) = [=1/2, =1/2) (2.14c)

@ 10,0) £ % (VI alB) |2 +12) — VI T a(B) |+, —)) (2.14d)

where

B|w

(2.15)
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With [ = 1 for deuterium atoms, each J = 1/2 state splits into six substates in an

external magnetic field:
@ |F =3,mp = +32) = |my = +1,m; = +1/2) (2.16a)
@ Pt £ = (VIFHB 0.+ + V1= 0(B) 1.1 (2.16b)
® Fa=ya) £ 5 (VIZeB) 0.2 + T+ a(B) [-1.+14) (2.160)
D P, =32) 2 |-1,-2) (2.164)
® =1 2 = (VIF B 0, -2) = VT (B |-1,+12)) (2.16¢)

- Sl

® [1/2, +1/2>é\7( T B(B) |1, ~Y2) — /T b(B) [0, +1/) ) (2.16)

where

3 . (2.17)

The critical magnetic field B, ~ % is a function of the hyperfine splitting AFEyps
given in Eq. (2.13). The hyperfine splitting of the ground states of hydrogen and deu-
terium are among the most precise measured quantities in spectroscopy. The hyperfine
splitting of the 25/, and 2P,/ states can be calculated from the ground state split-
ting, with AEurs(2S1/2) = /8 AEurs(1S1/2) and AFups(2P1/2) = /24 AFups(1S1/2). In
Tab. 2.1 the hyperfine splittings for 15/, 25/, and 2P/, of hydrogen and deuterium,
and the critical magnetic fields are listed.

With the Breit-Rabi formula (Eq. (2.18)), named after Gregory Breit and Isidor Rabi,
the energy of hyperfine states of hydrogen and deuterium atoms in an external magnetic
field can be calculated [BR31]. It combines the Zeeman and the Paschen-Back effects,

and is also valid in intermediate fields.

AEHFS AEHFS 4mF B B 2
EB)=——+77—= B+ 1 — — 2.18
B) = =5ar 41y T mronk > terrne T\B) 0 @W
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Table 2.1.: Hyperfine splittings of 15/, 25,/2, and 2P/, states of hydrogen and deu-
terium and the critical magnetic fields.

hydrogen atom
APFEups(1S1/2) =5.87-107%eV Bc(1S1/2) =50.7mT
AEups(2S1/2) =7.34-107"eV B(2S1)2) =6.34mT
AFEupg(2P1/2) =2.45 - 1077eV B.(2Py/2) =2.11mT

deuterium atom
AFups(1S1/2) =1.35-107%eV B.(1Sy/2) =11.7mT
AFurs(2S1/2) =1.69-107 eV B.(251/2) =1.46mT
AFEyps(2P12) =5.64-107%eV B.(2P1/2) =0.49mT

where
5.586 g-factor for proton,
gN =
0.857 g-factor for deuteron,
eh 1 | . d
= — = — nuclear magneton, an
HN om, . 1836 HB 8 ;
AFE
B, = — 1S with
1

= (gy 1B — gn pN) = 2B .

Diagrams, in which the energy of different hyperfine states is plotted against the mag-
netic field, are commonly called Breit-Rabi diagrams. In Figs. 2.3 and 2.4 the Breit-Rabi
diagram for S,/ states of hydrogen and deuterium are shown, respectively. The labeling
of the Zeeman components correspond to those of Egs. (2.14a) to (2.14d) and Egs. (2.16a)
to (2.16f).The calculations of Breit and Rabi have been improved by some QED correc-
tions [MS06]. In Sect. 4.3 those QED-corrected Breit-Rabi calculations are used for the

analysis of the measurements with the Sona coil setup.

15



2. Theory
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Figure 2.3.: Breit-Rabi-Diagram for S, /; states of hydrogen with the magnetic field given

in units of B, and the energy in units of the hyperfine splitting A Eypg (see
Tab. 2.1).
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Figure 2.4.: Breit-Rabi-Diagram for S;/; states of deuterium with the magnetic field
given in units of B, and the energy in units of the hyperfine splitting A Fyps
(see Tab. 2.1).
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2.1.7. Polarization

As discussed in Sect. 2.1.1, the angular momentum [ of a particle has 2 + 1 pos-
sible orientations in an external magnetic field, and the expectation value of L, is
(L) = (I,m|L.|l,m) = hm. In an ensemble of particles, of angular momentum [,
states with different values of m may be occupied by the particles. To find the ex-

pectation value of an operator A of an ensemble, the density operator p is used, with

p= Pl (Wl (2.19)
=1

with P; being the probability of a particle to be in the ith state (|¢;)) in the ensemble
with n different possible states, and consequently """ P = 1. The expectation value

of the operator A then is

~

(A) = tr(pA) . (2.20)

Vector Polarization

The expectation value of L, of an ensemble is the z-component of the polarization vector

p, with
L. 1 A 1 2+1 A
0 :—t<ALz):—t Pllmd (L,mi| L. | 2.21
pe= g ) = g e (2:) = g e R o (2:21)

The two remaining components p, and p, are defined analogously, but since only one
component of an angular momentum vector can be measured simultaneously (see Eq. (2.2)),
and we chose the z-axis to be the quantization axis, these are not relevant. Commonly

p. is called “vector polarization”.
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=12

In the standard representation

1 0
Y2, +1/2), = [1) = Y2, =), = 1) = : (2.22)
0 1
the z-component of the angular momentum operator is expressed by L, = gaz, with
0, =03 = (0 ] ) being the third Pauli matrix, and the density operator is
2 10 00 P 0
Z |1, mg) (1, my) = Py +P = : (2.23)
i—1 00 01 0 P
with Py = pow N and P, = bemg the probabilities of a particle to be in state |1)
or ||), respectively. Thus,
2 = . P 0 1 0
p:= 7 tr(pLz> = tr(po,) = tr : =P —-P . (2.24)

0 P 0 —1

An ensemble of particles with [ = 1/2 in an external magnetic field is sufficiently char-

acterized by the vector polarization. The vector polarization can also be expressed by

occupation numbers, with p, =

[=1:

For [ = 1 the standard representation is

1 0 0
’17 +1>z = O ‘17O>z = 1 |17 _1>z = O ? (225)
0 0 1
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and the components of the angular momentum operator are

010 0 — 0
. h A h
Li=-—%=]101 Ly=-"71i 0 —i
010 0 ¢« O
1 0 0
L.=hlo o o[ . (2.26)
0 0 —1

The density operator, calculates to

, P, 0 0
p=> Pillm){lml=10 P 0] . (2.27)
= 0 0 P

And, consequently the vector polarization is

P, 0 0 10 0
1
pzzﬁ-htr 0 B O01]-100 0 =P —-P_ (2.28)
0 0 P 00 —1
N, — N_

or in terms of occupation numbers: p, = . Obviously, the vector polar-

Ny + Ny+ N_
ization is not sufficient to fully characterize an arbitrary ensemble of particles with [ =1
in a magnetic field, since no statement about the probability F, of finding particles
in state |1,0) is made. This information can be completed by the tensor polariza-

tion.
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Tensor Polarization

The three matrices in Eq. (2.26) and the identity matrix do not build a complete basis
for the real vector space of 3 x 3 hermitian matrices. For this, 8 matrices (for instance the
Gell-Mann matrices) plus the identity matrix are needed. However, five more matrices
can be constructed from the three angular momentum component matrices to complete
the set, with

. 3 /.. ..

Ly=o (Lily+ LsLi) = 2h8 -1, (2.29)
with 7,7 = x,y, 2. In principle this would give 9 additional matrices, but since f/ij = f/ji
three can be discarded immediately. As it can easily be checked, the remaining six matri-
ces are not linearly independent, thus another one can be excluded (e.g. Lyw = —ﬁyy—f)zz).
The polarization tensor of second order for [ = 1 is calculated from the expectation value

of these j}ij operators, with

1 . 1 s

With the density operator in the standard representation (see Eq. (2.27)), and

1 0 O
L.=hlo -2 o] , (2.31)
0O 0 1

the “tensor polarization” — as p,, is commonly called — is

P. 0 0 1 0 0
1
P =3 htr 0 B O0J]-]10 -2 0 =P, +P_ -2PF , (2.32)
0O 0 P 0O 0 1
N, + N_ - 2N,

or again in terms of occupation numbers: p,, = By using both, the

Ny + N_+ Ny~
vector and the tensor polarization, an ensemble of particles with [ = 1 can be fully
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characterized.

In the following, the term “polarization” refers to the polarization of the nuclear spin
I — if not explicitly stated otherwise. For hydrogen, with I = 1/2, only the vector
polarization exists, while for deuterium, with I = 1 both vector and tensor polarization

can and need to be measured.

2.1.8. Polarization of S;/, Zeeman Components

From Egs. (2.14a) and (2.14c), it is obvious, that the probabilities P; and P; for en-
sembles of hydrogen atoms in one of the Sy, Zeeman components |F,mp) = |1,1) and
|1,—1) are independent of the strength of the external magnetic field, since both are

pure states:
c P=1 P =0 = p, =1 2.33
T 1
: Pr=0 P =1 = p,=-1. 2.34
0 1

An ensemble of hydrogen atoms in one of the other two Sy, Zeeman components |1,0)
(Eq. (2.14b)) and |0,0) (Eq. (2.14d)), however, has probabilities P+ and P, which are
functions of the magnetic field strength B:

():a:ll§@ a:ig#azigz—am (2.35)
@;1%:1%#9Q=11§@-:1%:Mm. (2.36)

A plot of the polarizations of hydrogen atoms in each of the four Zeeman components

is shown in Fig. 2.5.

For deuterium the states |F, mp) = |3/2,+3/2) (Eq. (2.16a)) and [3/2, —3/2) (Eq. (2.16d))

are pure states, and thus their polarizations are constant:
1: P.=1 P=0 P.=0 = p.=1 p,.=0 (2.37)

@: P,=0 Pp=0 P.=1 = p,=-1 p,.=0. (2.38)
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Figure 2.5.: Vector polarizations of the four S/, hyperfine states of hydrogen with the
magnetic field given in units of B, (see Tab. 2.1).

The polarizations of the other four Zeeman components (see Egs. (2.16b), (2.16¢), (2.16e)
and (2.16f)) are functions of the magnetic field strength B, with:

@ : P+=1_TZ)(B) P0=1+TZ)(B) P =0 (2.39)
N pz_l—;)(B) ZZ__1+?;b(B)

@: P.=0 P0:1—TC(B) P:1+TC(B) (2.40)
N pz——1+2C(B) pzz_3c(B2)—1
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®: Pi=0 B=—F2 P=— (2.41)
c(B)—1 1+ 3c¢(B
= Pz= ()2 zz — 2()
1 B 1—-b(B
® : P+:%() Poz# P =0 (2.42)
1+ b(B 3b(B) —1
= Pz = 2() Pzz = (2)

Plots of the vector and tensor polarizations of deuterium atoms in each of the six Zeeman

components are shown in Figs. 2.6 and 2.7, respectively.
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Figure 2.6.: Vector polarizations of the six Sy, hyperfine states of deuterium with the
magnetic field given in units of B, (see Tab. 2.1).
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Figure 2.7.: Tensor polarizations of the six Sy, hyperfine states of deuterium with the
magnetic field given in units of B, (see Tab. 2.1).

2.1.9. The Metastable State 2S;,, of Hydrogen and Deuterium

Due to the Lamb-shift, the 25, , and the 2P/, states of hydrogen and deuterium are not
degenerate, but separated by 4.375-107%eV and 4.381 - 107¢ eV, respectively [Sch+99).
The m; = —1/2 states of 25,5 (called B states) and the m; = +1/2 states of 2P/, (called
e states) cross at a magnetic field of about 57mT, as it is shown in Fig. 2.8 for hydrogen
and in Fig. 2.9 for deuterium. The m; = +1/2 states of 25,5 are called a states and
the m; = —1/2 states of 2Py, are called f states. For hydrogen, the 34 state and the
el state intersect at about 53.8mT and the intersection of 33 and e2 states is at about
60.5mT. The intersections for deuterium are at 56.4mT (36 with el), 57.4mT (35 with
e2), and 58.4mT (B4 with e3). At these magnetic fields, the energy differences between
the states al and el, a2 and e2, and a3 and e3 are all approximately 6.657 - 107%eV or
1.6098 GHz - h. This is utilized by the spin filter in the Lamb-shift polarimeter to select

a single o state, which will be discussed in Sect. 2.4.4.
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Figure 2.8.: Breit-Rabi diagram of the 2S;/, and 2P/, states of hydrogen atoms.

Since electric dipole transitions between the 2P/, states and the ground state are al-
lowed, their lifetime 7 is rather short with Top, ,y R 1.6-107%s. The 25,1/, states, how-
ever, have relatively long lifetimes, since electric dipole and quadrupole transitions to
the ground state are forbidden. Without external fields, the lifetime of the 2S; /, states
is 725, &~ 0.14s. When an electric field is acting on the atom, Stark mixing with the
2P/, states occurs and the lifetime decreases. According to Lamb and Retherford the

251 /o lifetime in “moderate electric fields”® becomes [LR50]:

;2 (w2 i %72>

7-281/2 = T2P1/2 V2 Y
E

(2.43)

where hw is the energy splitting of the 25, /; state and the 2P, /5 state, v = L and Vg

T2P, o

3According to [Hae67] this is given as long as the lifetime Tos, ,» of the perturbed 2S;/5 state
is considerably shorter than the unperturbed lifetime 7sg, , but considerably longer than the 2P; /5
lifetime.
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Figure 2.9.: Breit-Rabi diagram of the 25,/ and 2P,/ states of deuterium atoms. The
inserts show the splitting at low magnetic fields.

is the matrix element of the perturbing field. For electric fields strengths F, as they are
applied in experimental setups like the Lamb-shift polarimeter, this can be approximated

by [Hae67]:

2
- 1.9Vm!
7251/2 ~ <T> S . (244)

A plot of this approximating function is shown in Fig. 2.10.

Since the Stark coupling of the 2S;/, and 2P/, states depends on the energy splitting
between the two states (see Eq. (2.43)) this approximation is only valid in absence of
external magnetic fields, when the energy splitting is due to the Lamb-shift exclusively.
In the presence of external magnetic fields the energy difference is influenced by the
Zeeman effect, as discussed in Sect. 2.1.3 and shown in the Breit-Rabi diagrams in

Figs. 2.8 and 2.9. Notably, the energy difference between the o and the e hyperfine
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Table 2.2.: The magnetic fields, at the intersections of B and e states of hydrogen and
deuterium in mT.

hydrogen atom deuterium atom
2512 2512
B4 B3 g6 B5 B4
el 538 591 el 564 572 580
2P €2 553 60.5 e2 56.7 574 582
e3 56.9 577 584

states is increasing with the magnetic field, while the energy difference between the 3
and the e hyperfine states is decreasing towards the crossing points around 57mT and
is increasing again afterwards. According to Haeberli ([Hae67]) the lifetime of the o and
 hyperfine states in the presence of an external magnetic field B as well as an external

electric field E can be described as

2
- 106. -1 B\?
T2syy A (%) : ((574i 10%) +716> 107%s . (2.45)

The lifetime of the o hyperfine states results with the plus sign and the lifetime of the 3
hyperfine states with the minus sign. The lifetime of the 2S;,, states in dependence of
the magnetic field at an electric field strength of £ = 10V em ™!, a typical value in the
spin filter, is shown in Fig. 2.11.
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Figure 2.10.: The lifetime t of the 25, ; states as function of the electric field E.
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Figure 2.11.: The lifetime 7 of the 25/, states, plotted against the magnetic field B, in
a constant electric field £ = 10Vem™. The reduction of the lifetime of
the (B-states by more than two orders of magnitude around B = 57.5mT is
utilized in the Lamb-shift polarimeter.
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2.2. Hydrogen and Deuterium Molecules

Due to the Pauli principle, hydrogen and deuterium molecules (Hy, Do, and HD) are
only stable, when the spins of the two electrons are anti-parallel. Therefore, the total
electron angular momentum of the molecules is zero. Only the nuclear magnetic mo-
ments and molecular rotational magnetic moments can interact with external magnetic
fields. The nuclear spins of the two atoms (/; and I, with the projections m; and msy)
couple to the total nuclear spin I, with [ = |I; — L, ..., |I; + I — 1|, |I; + I3|. As usual,
the projection quantum number m; of the total nuclear spin can take values from —I
to +1 in steps of one (m; = —I,—I +1,...,1 — 1,I). The molecular rotational angular
momentum quantum number? J takes integer values starting with zero.

The dihydrogen molecule Hy is a system of two identical fermions (protons) with nuclear
spins I} = I, = 1/2. Thus, the wave-function of the system has to be anti-symmetric un-
der permutation of the particles. It follows that either the part of the wave-function that
describes the rotation of the molecule is symmetric and the spin wave-function is anti-
symmetric, or vice versa. The symmetry of the rotational wave-function is determined
by the molecular rotational angular momentum J. With J = 0,2, ... the wave-function
is symmetric and with J = 1,3,... it is anti-symmetric. Dihydrogen molecules with
symmetric spin wave-function and, therefore, odd J, are called ortho-hydrogen or o-Hs,.
Dihydrogen molecules with anti-symmetrical spin wave-function and, therefore, even J,
are called para-hydrogen or p-Hs. Ortho-hydrogen is a triplet state with I = 1 and
para-hydrogen is a singlet with I = 0. The different configurations of ortho- and para-
hydrogen are shown in Tab. 2.3.

The dideuterium molecule Dy is a system of two identical bosons (deuterons) with
I, = I, = 1. The wave-function of this system has to be symmetric under permutation
of the particles. Thus, either the rotational wave-function and the spin wave-function
are both symmetric, or both are anti-symmetric. Dideuterium molecules with symmetric
spin wave-function and, therefore, even J, are called ortho-deuterium or o-Djy. Dideu-
terium molecules with anti-symmetric spin wave-function and, therefore, odd J, are
called para-deuterium or p-Dy. The ortho-deuterium consists of six states with I = 0, 2
and para-deuterium is a triplet with I = 1. The different configurations of ortho- and

para- deuterium are summarized in Tab. 2.3.

4Although J is also used for the total electron angular momentum in a different context it is still
used here to match the notation commonly used in literature.
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Hydrogen-deuteride (HD) is a system of a fermion (proton) and a boson (deuteron).
Since these are not identical, they can not be interchanged and, therefore, no symmetry
restrictions have to be applied. Consequently, the six possible spin configurations in
a weak magnetic field — summarized in Tab. 2.4 — can have any molecular rotational
angular momentum quantum number J.

At room temperature Hy consists of three parts o-Hs and one part p-H, and D, is a
mixture of two parts 0-Dy and one part p-D,. Due to the rotational energy, states with
J > 0 are exited states. E.g., the energy difference between the J = 0 and J = 1 states of
hydrogen is about 15meV. Therefore, at thermal equilibrium, the para state with J =0
dominates, when the temperature approaches zero. For J = 0, as for all para-states, the
only allowed spin configuration of the hydrogen molecule is |0,0) = \/LE (|T, b =14, T))
with a nuclear spin polarization p, = 0. However, conversion rates between different
molecular angular momentum states are fairly low at small pressures and low temper-
atures [Wig97]. Mean lifetimes are in the order of several hours. Therefore, a low
temperature hydrogen beam can still contain considerable amounts of ortho-hydrogen,
which can be polarized. For the formation of solid hydrogen, however, the molecules will
eventually reach thermal equilibrium at very low temperatures (21.15 K at normal pres-
sure), and will be mainly in the J = 0 state. Nuclear spin polarized Hs-ice is, therefore,
not possible. The lowest molecular rotational state for Dy, however, is a ortho-state and
its six substates can have different nuclear spin polarizations (see Tab. 2.3). Therefore,
solid Dy can be polarized. For a molecular beam source it might even be advantageous
to increase the ratio of 0-Ds, since this will also increase the relative amount of the
my; = —2 state which will be more focused than the m; = —1 state. Since for HD
the spin configurations and molecular rotational angular momentum are independent of
each other, solid HD can contain all six nuclear spin states from Tab. 2.4.

Similar to atomic hydrogen and deuterium, where the magnetic moments of nuclear and
electron spin interact with each other and external fields (see Sects. 2.1.3 and 2.1.6),
the magnetic moments caused by the molecular rotation and the nuclear spin interact
with each other and external magnetic fields. Calculations of these molecular Zeeman
and Paschen-Back effects of Hy and Dy, were performed in 1952 by Norman Ramsey
[Ramb2]. Breit-Rabi diagrams, for o-Hs and p-Ds, both with [ = J = 1, taken from this
publication are shown in Figs. 2.12 and 2.13.
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2.2. Hydrogen and Deuterium Molecules

Table 2.3.: Nuclear spin configurations of ortho-/para- hydrogen and deuterium. The
total nuclear spin I is composed from the nuclear spin of the two atoms:
I=|I — L,...,|Iy + I — 1|, |1, + I1|. With the Clebsch-Gordan coefficients
(e.g. [Zyl420]) the states |I,m;) can be expressed in the basis of individual
spin projections |my, ms). The vector polarization p, and tensor polarization
p.. of an ensemble of molecules in each corresponding state are shown.

Hs: two fermions = anti-symmetric total wave-function

ortho-hydrogen

J=odd <« triplet: I =1, m;=41,0 P
[1,4+1) = 1,1 1
1,-1) = [, 4) -1
11,0 = L (I, 1) + 1. 1) 0

para-hydrogen
J=even <& singlet: I =0, m; =0 D
0,0) = Z5 (11, 4) = 1L, 1)) 0

D,: two bosons = symmetric total wave-function

ortho-deuterium

J=even <& sextet: [ =0,2, m; =42, +1,0 D Dz
2,42) =1, 1) 1
2,41) = 2 (It, =) + [, 1) s —1fa
2,0) = & (I ) + 2=, =) + [, 1) 0 -~
2,-1) = 2= (J=, ) + 11, ) A
2,-2) = |1, 4) -1
0,0)= 2 (I D)~ = =) +1L1) 0 0
para-deuterium
J=o0dd < triplet: I =1, m;==+1,0 D> Pas
1,41) = & (It =) = =, 1) Yy —ifz
1,00 = &5 (I ) = . 1) 0 1
1,-1) = & (1=, 4) = b)) YA
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Table 2.4.: Nuclear spin configurations of HD molecules. The vector polarization p?
of the protons, vector polarization p¢ and tensor polarization pd, of the
deuterons of an ensemble of HD molecules in each corresponding state are
shown.

HD molecule

11, my) = |mp, ma) JZA U
oty = |Y22) 111
13/2, +1/2) = |1/2,0) 1 0 -2

|3/2, =12y = |-1/2,0) -1 0 -2
|3/2, =3/2) = |-1/2,—1) -1 -1 1
Y2, +1/2) = |=1/2,1) -1 1 1
|2, —1/2) = |V/2,—1) 1 -1 1
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Figure 2.12.: Breit-Rabi diagram of o-Hy with J = 1 from [Ram52]. The nine states are
characterized by |m;, my, F,m), with the projection of the total nuclear
spin my, the projection of the molecular rotational angular momentum m;,
the total spin F' and its projection m (= mp). For states with m; = —1
(A, B, C) the energy increases, for states with m; = 1 (G, K, L) the energy
decreases, and for states with m; = 0 (D, E, F) the energy stays almost
constant with increasing magnetic fields.
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Figure 2.13.: Breit-Rabi diagram of p-Dy with J = 1 from [Ram52]. For states with
m; = —1 (A, B, C) the energy increases, with increasing magnetic fields,
however, much less compared with those of o-Hs (see Fig. 2.12).
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2.3. Atomic and Molecular Beam Sources

2.3. Atomic and Molecular Beam Sources

The principle of using an inhomogeneous magnetic field to separate a beam of silver
atoms by the projection of the spin to the quantization axis, as in the Stern-Gerlach
experiment (see Sect. 2.1.2), can also be applied to hydrogen atoms. A separation of
an atomic hydrogen beam into two components with m; = +1/2 was first achieved by
Phipps and Taylor [PT27]. When cylindrical multi-pole magnets are used instead of the
dipole magnet in the original Stern Gerlach experiment, atoms are either focused onto
the beam axis or defocused, depending on the orientation of their magnetic moment. By
using quadropole magnets with relatively small magnetic fields, but high gradients at
the beam axis, Clausnitzer et al. were able to focus (ground state) hydrogen atoms with
imr,my) = |+1/2,4+1/2) and defocus |—1/2, —1/2), while the mixed substates of 1S/, (see
Egs. (2.14b) and (2.14d)) were almost undisturbed [CFS56]. By selecting the focused
part of the beam they were able to produce a beam of nuclear spin polarized hydrogen
atoms.

Typical modern atomic beam sources use a combination of two (sets of) sextupole mag-
nets and transition units to produce beams of hydrogen and deuterium atoms in single
Zeeman components or in combinations of two. The magnets eliminate states with
my = —1/2 and the transition units in between and after both magnets can exchange
the occupation numbers of different Zeeman components. Beam intensities of up to
10'7 atoms/s are possible [Zel4-05].

An atomic beam source, with superconducting sextupole magnets, is located in the BINP
in Novosibirsk. The magnetic field gradient of this superconducting magnet is steeper
than those of the usual permanent magnets in other atomic beam sources [Isa+98].
However, compared to sources with permanent sextupole magnets, the beam intensity
is not increased, since the intensity is limited by intra-beam scattering. The intra-beam
scattering is mainly caused by the focusing of atoms with two different velocities (within
the Maxwell distribution), which occurs regardless of whether permanent or supercon-

ducting magnets are used.

A Stern-Gerlach experiment with hydrogen molecules was first performed by Robert
Frisch and Otto Stern in 1933 [FS33]. To archive a separation of hydrogen and deu-
terium molecules (Hy, Dy, and HD) directly by their nuclear magnetic moments, which

are three orders of magnitude smaller than the magnetic moments caused by the elec-
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trons in hydrogen and deuterium atoms, these three orders of magnitude have to be
compensated by a steeper gradient and/or a longer interaction time of the molecules
with the magnetic field for which the length of the magnets can be increased and the
velocity of the molecules be decreased. The dipole magnet they used had a length of
10 cm and provided a gradient %—Jf = 22T cem™!. The hydrogen was cooled to about 90 K
and, thus, the most probable velocity for the hydrogen molecules was about 860 ms™*
(Maxwell-Boltzmann distribution). With this setup they were able to estimate the pro-
ton magneton p, between two and three nuclear magnetons py (literature value today
pp = 2.79284734463(82) pux [NIS94]). However, the beam intensities presumably were
rather low (absolute intensity and polarization measurements are not published in the
paper). For an intense molecular beam source with high polarization this setup is not

suited.

A molecular beam source intended to provide polarized protons for accelerators was
proposed in 1958 by Garwin [Gar58]. The proposal was based on a conventional Stern-
Gerlach separation with a dipole magnet. The design aimed for 2 - 10'3 polarized
molecules per second, or 2 - 10'? polarized protons after an ionizer. The proposal was

never turned into reality.

With the unique feature of superconducting magnets the cryogenic atomic beam source
at the BINP offers the opportunity to investigate a molecular beam source based on
multi-pole magnets [She+98]. In Fig. 2.14 a scheme of the prototype molecular beam

source in Novosibirsk is shown. It is based on a modification of the cryogenic atomic
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Figure 2.14.: Schematic drawing of the prototype molecular beam source in Novosibirsk
[She+19].
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2.3. Atomic and Molecular Beam Sources

beam source. The first set of superconducting magnets of the atomic beam source are
cooled, but not operated. With them, the unpolarized hydrogen/deuterium gas is cooled,
before it passes through a ring shaped nozzle (outer diameter of 41.9mm and inner di-
ameter of 41.7mm), which is cooled to adjustable temperatures (> 6.5 K). The resulting
ring shaped beam of hydrogen molecules is collimated by a ring shaped aperture (outer
diameter of 42 mm and inner diameter of 40 mm) just before the second set of sextupoles
of the atomic beam source. This way, the hydrogen molecules are directed to pass close
to the poles of the superconducting magnets, where the fields have their maximum gra-
dients. This causes a separation of the beam by the projection of the nuclear spin (m;)
as discussed before. The magnets are cooled with liquid helium which — under reduced
pressure — reaches temperatures as low as 2.5 K in the setup. With surfaces this cold
scattered or defocused hydrogen molecules are condensed and removed from the beam.
In a first step the focusing ability of the molecular beam source was verified with a
compression tube. It is positioned at an ideal distance — determined by Monte Carlo
simulations ([She+19]) — of 135cm behind the end of the magnets. With a diameter
of 30 mm it is smaller than those of nozzle and aperture. Therefore, molecules, which
are not deflected (m; = 0) or defocused (m; = 1) by the gradient field, will miss the
compression tube, while molecules with m; = —1 will be directed into the compression
tube. In Fig. 2.15 — taken from [She+19] — the pressure in the compression tube and the
current through the superconducting magnets are shown. The increase of the pressure in
the compression tube whenever the magnets are switched on is evidence for a deflection
of parts of the beam due to the magnetic field gradient. With this prototype molecular
beam source beam intensities of 3 - 1012 (presumably) polarized molecules per second
have been achieved [Top+17]. To measure the polarization of this beam a Lamb-shift

polarimeter was build within the framework of this thesis.

Based on the experiences with this prototype molecular beam source a completely new
source exclusively for polarized molecules can be developed. A design of a tapered
60-pole superconducting magnet with an inner diameter of 400 mm at the entrance
and 370 mm at the exit and a length of 2m has been proposed in [Yur+17]. The ta-
pered design aims for a more efficient removal of the hydrogen molecules in states with
my = 0,41 (deuterium molecules in states with m; = 0,+1,+2). From Monte Carlo
simulations an increase in beam intensity by four orders of magnitude compared to the

prototype molecular beam source discussed above is expected for hydrogen, and an in-

39



2. Theory

900
800
700
600
1500
400~
300
200
{100

20F 6.5K

0.6 1 \7|¥/ 1 ) [ S A l
0 10 20 30 40 50 60 70
7T, min

Figure 2.15.: The pressure in the compression tube (solid line) and the current through
the superconducting magnets (dashed line) over time. A clear increase in
pressure when the magnets are operated and a clear decrease in pressure
when the magnets are turned off again visible. The temperature of the
nozzle is indicated above the peaks. [She+19]

crease of three order of magnitude for deuterium. With these flow rates which are close
to the rates of highly optimized atomic beam sources it could be an alternative source
of protons/deuterons for accelerators or for internal targets. But more importantly, the
molecular beam allow for different applications, like fuel for polarized fusion or polarized

Ds-ice for solid targets.

2.4. Lamb-Shift Polarimeter

As discussed in Chap. 1 the Lamb-shift polarimeter is a device to measure the nuclear
spin polarization of beams of atomic hydrogen isotopes (mostly H and D), their molecules
(Hg, HD, and Dy), and their ions (H*, H, Hy™, H3™, ...). In the following the functional
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Figure 2.16.: Schematic of the Lamb-shift polarimeter with a beam direction from left
to right. Blue arrows indicate beams of neutral particles in the ground
state. The red arrows indicates the ion beam formed in the ionizer con-
sisting of ions of different masses. Ions of undesired masses (marked in

) are deflected in the Wienfilter. Metastable atoms are denoted in
green. In the spin filter they are brought to the ground state and only at
certain conditions a single o state may pass. In the quenching chamber,
all remaining metastable atoms are quenched to the ground state, whereas
Lyman-a photons (marked in purple) are emitted, which can be detected
by a photomultiplier.

principle of the Lamb-shift polarimeter will be described. A scheme of the Lamb-shift

polarimeter and its components is shown in Fig. 2.16.

Generally, the Lamb-shift polarimeter consists of five main components, which, in beam
direction, are: an ionizer, a Wienfilter, a cesium cell, a spin filter, and a quenching
chamber. As the name implies the ionizer is used to ionize the neutral particles of the
incoming beam. The ions are then accelerated towards the Wienfilter, in which the
ions are separated by their mass and a single mass is selected from the beam. In the
cesium cell metastable atoms are formed by a charge transfer. The spin filter is able
to selectively transmit one of the o states (see Sect. 2.1.9), while the (3 states and the
other one o state (hydrogen atom) or two o states (deuterium atom) is/are brought
to the ground state. Remaining metastable atoms are quenched to the ground state
in the quenching chamber. Lyman-o photons emitted in this process are detected in
a photomultiplier. With a Faraday cup at the end of the Lamb-shift polarimeter the
current of the ion beam can be measured if it is not deflected by the electrical fields
of the spin filter. Longitudinal magnetic fields in the ionizer, the cesium cell, and the
spin filter and a perpendicular magnetic field in the Wienfilter ensure a well defined

quantization axes along the whole Lamb-shift polarimeter.
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Table 2.5.: Polarization conservation for hydrogen atoms in the Lamb-shift polarimeter.
The nuclear spin is indicated by the smaller and the electron spin by the

larger arrows.
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2.4.1. lonizer

Various types of ionizers can be used in a Lamb-shift polarimeter. A quantization axis,

given by a magnetic field is mandatory to preserve the polarization of the beam. For most

applications an electron impact ionizer, as for instance the Glavish-type ionizer [Gla68]

is best suited. Since they generally operate at lower pressures than plasma ionizers, like

an ECR ionizer, there is no need for a buffer gas and, therefore, no need for a differential

pumping between ionizer and the atomic or molecular beam source, where ultrahigh

vacuum is needed. Furthermore, Glavish-type ionizers can be operated at different
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magnetic fields, which enables the distinction between pure and mixed hyperfine states
in the beam. For example, at strong magnetic fields in the ionizer the polarization is
approximately 1 for hyperfine states (1) and (4), but at weak fields the polarization of
(1) remains at 1 while that of (4) tends to zero.

A Glavish-type ionizer consists of a solenoid, capable to produce a strong longitudinal
magnetic field, a filament, and several ring shaped electrodes — five in the ionizers used
in this work. An electron beam, parallel and coaxial to the entering atomic or molecular
beam, is formed by the hot filament and the first electrode. The electrons, after traveling
through the second and the long, cylindrical third electrode, which are both on positive
potentials, are reflected by the negative potential of the fourth and fifth electrodes. Due
to the space charge they create, they would like to diverge, but are forced onto spiral
like trajectories by the strong longitudinal magnetic field. This way a high density of
electrons is realized inside the third electrode, which forms the actual ionization volume.
Ideally, all ions are produced in this volume and, thus, the beam energy would be
precisely equal to the difference of the third electrode’s potential and earth potential.
The second electrode is used to stop ions from moving towards the entrance of the ionizer
and into the atomic or molecular beam source by creating a potential wall. As mentioned
before the forth and fifth electrode are used to form a potential trap for the electrons,
but at the same time they serve as electrostatic lens for the extraction of the ions.

If the beam, of which the polarization should be measured, is already composed of ions

instead of neutral atoms or molecules the ionizer will be removed.

2.4.2. Wienfilter

The Wienfilter is a velocity filter for charged particles named after Wilhelm Wien, who
developed the device in 1898 [Wie98|. Its underlying principle is the Lorentz- or elec-
tromagnetic force acting on a particle with electric charge ¢, which is traveling through

an electrical field E and a magnetic field B with the velocity v
F=q-E+q-vxB. (2.46)
In an ideal Wienfilter the magnetic field, the electric field and the beam axis (z) are

pairwise perpendicular to each other in every point (z L E 1 B 1 z). A particle does
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not experience a net force if

E
= — 24

where E = ||E||, and B = || B||. If the velocity of a particle does not satisfy this relation
the particle is deflected. These particles are then stopped by an aperture at the end of the
Wienfilter. For mono-energetic ion beams, like they are produced in an electron-impact

ionizer, a velocity filter is equivalent to a mass filter, since

2 Eyin 2FEyin
v =4/ Knoor om= ;( . (2.48)
m v

Therefore, the mass accepted by the Wienfilter can be selected by the ratio of magnetic

and electric field strengths:

BQ
m = 2By s (2.49)

An important feature of the Wienfilter reveals, when the magnetic moments of the beam
particles are taken into account. Before entering the Wienfilter the quantization axis for
the magnetic moments is defined by the strong longitudinal field of the ionizer. There-
fore, these magnetic moments will start to precess around the perpendicular magnetic
field of the Wienfilter with the Larmor frequency

wp,= —v-B, (2.50)

with v being the gyromagnetic ratio of the particle. Some gyromagnetic ratios are given

in Tab. 2.6. The angle a by which the magnetic moments will rotate by passing through

Table 2.6.: Some gyromagnetic ratios [NIS94].
¥ = 267.5MHzT~! for a proton

Yo = 183.2MHzT~! for a neutron
va= 41.1MHzT=! for a deuteron

Ye = 176.1GHzT~! for a free electron

the Wienfilter is determined by the Larmor frequency and the duration of the interaction,
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ergo the time of flight through the magnetic field of the Wienfilter. Further, their time
of flight At can be expressed by the effective length [ of the magnetic field B and the

beam velocity or kinetic energy, respectively:

a:wL-At:—v-,/2g Bl . (2.51)
kin

Since, in the spin filter, the projection of the polarization vector to the beam axis is

determined, rotation angles have to be chosen carefully and correction factors have to
be applied, whenever the polarization of a proton or deuteron beam is measured.

This is different for molecular ions. The magnetic moment of the (unpaired) electron,
which is present in the molecular ions, is about three orders of magnitude larger than
those of proton or deuteron. Therefore, the electron spin will realign with the magnetic
field of the Wienfilter adiabatically. The magnetic field, with which the nuclear magnetic
moments of the molecular ions are coupled to, is in the order of 10T, which causes the
nuclear magnetic moments to follow the electron spin. Since these adiabatic realign-
ments do not only happen between the ionizer and Wienfilter fields, but also between
the Wienfilter and cesium cell fields, the polarization vector of the molecular ions are
independent of the magnetic field in the Wienfilter.

For typical Wienfilter setups for Lamb-shift polarimeter [ is less than 30 cm and magnetic
fields commonly do not exceed 30 mT. With beam energies varying between 500 eV and
5keV the rotation angle for protons can occasionally be adjusted to up to 360°. How-
ever, rotations of 180° are usually more feasible, in which case the a correction factor of
—1 has to be applied to the measured polarization. Since the deuteron mass is roughly
twice the proton mass, but the gyromagnetic ratio is less than /6 of the gyromagnetic
ratio of the proton, typical Wienfilter setups are not sufficient to rotate the polarization

vector of deuterons by 180°.

2.4.3. Cesium Cell

The cesium cell is used to produce metastable atoms (Hag, 1o Or Dog, /2) from the incoming
ions by a charge exchange reaction with cesium vapor. Today, charge exchange reactions
with alkali metal vapor are the method of choice for the production of metastable hy-

drogen atoms. When Lamb and Retherford performed their experiments, which led to

45



2. Theory

the discovery of the Lamb-shift (see Sect. 2.1.5), they had to rely on collisions of ground
state atoms and electrons from an electron beam, crossing the atomic beam [LR47]. The
efficiency was of the order of 1078, With charge exchange reactions of proton beams with
hydrogen gas, the efficiency was increased to about 1073 [MO59]. Another increase in
efficiency to 10! was achieved by using low energy proton beams and cesium vapor
instead of hydrogen gas, as proposed by Donnally et al. [Don+64]. A schematic drawing

of a cesium cell is shown in Fig. 2.17.

In case of atomic ions (H", DT), a cesium atom provides an electron, which is cap-
tured by the ion. The reaction is described as a “nearly resonant process” by Pradel
at al. [Pra+74]. For protons with a kinetic energy of about 550eV and deuterons

with a kinetic energy of about 1100eV a maximum efficiency of about 30% can be

reached.
H* + Cs — Hyg, , + Cs™ (R 70%)° (2.52)
H* 4+ Cs — Hyg, , + Cs™ (< 30%) (2.53)

From Fig. 2.18 a maximum cross section for the production of metastable atoms can
be read off as 6 - 10715 cm? at a proton energy of 550eV. The optimum areal number
density of the cesium target was found to be about 10! atoms/cm?. For higher proton-
energies the density needs to be slightly higher to be optimal.

The production of metastable atoms from molecular ions (Hy™, HD™, Do) is also pos-
sible as several measurements show (see [Eng+14], and [Eng+20b] ). However, if the
metastable atoms are created in a two-step process, of which the first step is a strip-
ping reaction, by which H* is produced and the second step is identical to Eqs. (2.52)
and (2.53), or in a single-step process is not resolved until now. The reactions might
either look like:

Hyt + Cs — 2H" + Cst 4 2e~ and then
(2.54)
H" +Cs — Hos, ,, + Cst |

5Reactions resulting in radiative states like 2P /2 are included here, since these atoms will end up
in the 1S, /; state shortly after the reaction.
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Figure 2.17.: Schematic drawing of a cesium cell. After cracking of the ampule, the liquid

cesium will fall to the bottom. There it can be heated to produce a vapor

of desired density. Cesium condensing on the cooler top parts of the cell

will drop back to the bottom. The two coils provide a strong longitudinal

magnetic field inside the cell.
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which is one possible two-step process, or:
H2+ + Cs — H181/2 -+ H281/2 + CS+ R (255)

which would be a single-step process. For a two step process the optimal areal number
density is expected to be higher as compared to the atomic ion case, since the molecular
ions travel some distance in the target column before breaking up and the resulting
atomic ions start their travel through the cesium vapor. In case of the single-step
process, the optimal areal number density might be smaller, since the molecular ions
are much larger than the proton or deuteron. Other than for atomic ions the optimal
beam energies and areal number densities are not known. An attempt to identify these

parameters is discussed in Sect. 4.1.

In first order, the areal number density n is equal to the product of the number density
n' and the length of the vapor column [. While the length of the column is fixed by the

geometry of the cell, the number density can be adjusted by temperature and pressure:

n(p,T)=n"(p,T)-l=n 1 (2.56)

/
n

NI
s[5

with T,, = 273K, p, = 1013 mbar, and n/, = 2.69 - 10!¥ atoms/cm?® being temperature,
pressure, and number density of cesium at standard conditions, respectively, and assum-
ing, that the vapor contains atomic cesium only and can be regarded as an ideal gas.
The vapor pressure over liquid cesium as function of the temperature is described by

Taylor and Langmuir as [TL37]:

T\ 4041K
log, (%) = 11.0531 — 1.35logy, (E) - . (2.57)

T

To preserve the nuclear spin polarization of the beam a longitudinal magnetic field
is needed in the interaction region of the cesium cell, as it will be discussed in the
following paragraph. Even with strong magnetic fields of 1 T the polarization of electrons
— exchanged between the cesium atoms and the beam ions — would only be around 0.3 %

2up-B
(P.=1-¢

BT ). Thus, the probability of the exchanged electron being either spin up
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or spin down is effectively 1/2. Metastable atoms created from protons® with spin up,
therefore, will be in states |m; = +1/2,m; = +1/2) and |m; = +1/2,m; = —1/2) in equal
amounts, while metastable atoms created from protons with spin down will be in states
|—1/2,4+1/2) and |—1/2, —1/2). As discussed in Sect. 2.1.6, |+1/2, +1/2) and |—1/2, —1/2) are
pure states and can be assigned to ol and (33, respectively, independent of the magnetic
field strength. However, states |4+1/2,—1/2) and |—1/2,+1/2) can only be assigned to
B4 and o2, respectively, in the limit B — oo. For finite magnetic field strength the
probabilities of finding |m; = +1/2,m; = —1/2) in the state 02 = |F' =1, mp = 0) and
finding |m; = —1/2,m; = +1/2) in the state B4 = |F' =0, mp = 0) are both equal to
1_+®, with a(B) = /e - (see Egs. (2.14b) and (2.14d)).
1+ (B/Bc)
Obviously, the probabilities of finding a proton with spin up P, and one with spin down

P, in a beam of protons with polarization p, are:

1+ p,
p=-1
9
(2.58)
1 — Dz
P, = .
+ 2

Thus, the probabilities of creating certain 2S;/, substates FP;, with i = al, a2, 33,34 are:

1 1+p,
P, :e'(PTE):e-( 1 >, (2.59)

. ((1 +p:) (1—a(B))  (1-p)(1 +a<B>)> (2.60)

6The protons may originate from split up molecular ions or directly from a proton beam.
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Py —c. (pi.%) .. (1_4192) ’ (2.61)

. <(1 +p.)(1+a(B) (1—-p)(1- a(B))) (2.62)

with € being the efficiency of metastable creation. Since a spin filter can only transmit
the two o states, the measured polarization p,, is also a function of the magnetic field in

the cesium cell:

)= T hs
_ (1 4p) — (1—p:-a(B))
(14p.)+ (1 —p.-a(B)) (2.63)

24+p.-(1—a(B))

Thus, the measured polarization is equal to the polarization of the incident beam only”
in the limit B — oo = a(B) — 1. Since an infinitely strong magnetic field is obvi-
ously not achievable a correction factor Cos(Bcs, pm) has to be applied to the measured

polarization. Rearranging Eq. (2.63) gives:

2
“1+a(B) - (1 —a(B)) pm

P- *Pm = OCS(BCsapm) *Pm - (264)

Notably the correction factor is not only a function of the magnetic field in the cesium cell

"Apart from the two trivial cases: p, =0 and p, = —1
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2.4. Lamb-Shift Polarimeter

(Bcs) but also a function of the measured polarization. However, with increasing mag-
netic field the influence of the measured polarization to the correction factor decreases
and the correction factor will approach 1. The critical magnetic field for metastable
hydrogen B. = 6.34mT is smaller than the magnetic field usually applied to the cesium
cell (see Sect. 3.3) by a factor of 7 or more. Thus the correction factor is restricted to
Ces(Bes > 7B, pm) € [1;1.01011].

The probabilities of finding a deuteron in a certain mj-state can be expressed by the

vector- p, and the tensor- polarization p,,:

2 3 z zz
p, = 24 3p: P
6
P = 2= 3p: + P (2.65)
6
1 - zz
PO - 3p .

Again, the probability of observing an electron with spin up is equal to the proba-
bility of finding one with spin down (P(m; = l/2) = P(my; = —1/2) = 1/2). Using
Egs. (2.16b), (2.16¢), (2.16e) and (2.16f) , the probabilities of creating a metastable
deuterium atom in each of the six 2S;/, substates P, with i = al, 02, a3,[34, 35,36 cal-
culate to:

1 2+ 3p. + Pz
Py :e.(P+.—):e.(%) , (2.66)

I
™

(2+3p +ps) (1-b(B)) | (2= 2p:.) (1+ b(B))) (2.67)
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Pag(B) = €
:E-
— €
P54 = €
PB5(B) = €
= € -
=€
PB6(B)—€
=€ -
:6-
with b(B) =

(P_-l- 1~|—c(B)> . (Po-l- 1c(B)))
2 2 2 T 2

(2 - 3pz +pzz) (1 + C<B)) I
24 24

24

1 2 —
NI B ek A
2 12

<P+'%' 1+§(B)> . (Po-%- 1;(3)))

(2+3p, +p..) (1+b(B)) . (2 —2p..) (1 - b(B)))
24 24

1

21 (4 +3(14b(B)) p- + (3b(B) — 1) p..

N——

£+

c

Wl
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2.4. Lamb-Shift Polarimeter

Since, again, the polarization is measured using the o states only, both the measured vec-
tor polarization p,, and measured tensor polarization p,, are functions of the magnetic

field during the production of the metastable atoms:

Pocl_Pa?)
Pu1+Pa2+Pcc3

_ (34¢(B)) p:+ (1 —c(B)) - p.-
44 (2=b(B) = c¢(B)) -p: + (c(B) = b(B)) * p..

pm(B) =
(2.72)

Pu1+Pa3_2Poc2
Py + Py + P
(2b(B) — c¢(B) — 1) - p. + (2b(B) + ¢(B) + 1) - p..
4+ (2-0(B) = ¢(B)) - p- + (c(B) = b(B)) - p--

pmm(B) =

Y

(2.73)

Solving for p, and p,., the corrected vector- and tensor- polarization as function of the

magnetic field and the measured polarizations® is:

2b+c+1)-pn+(c—1) Dmm
be+b+c+1)+3Bbc—b—c—1)pm+3(bc+b—3c+1)pum

P =7 . (2.74)

(c=2b+1) pp+(c+3): Dmm
be+b+c+1)+3Bbc—b—c—1)pn+s(bc+b—3c+1)pum

P2z = (275)
(

Fortunately, the critical magnetic field for metastable deuterium atoms B. = 1.5mT is

considerably smaller than the magnetic field provided by the coils of the cesium cell, so

that the uncorrected measured polarizations deviate from the actual ones insignificantly
(e.g. for Beg = 20- B, = 30mT: |p.., — pmm| < 0.0017, |p, — py| < 0.0006).

8To shorten the expressions b = b(B) and ¢ = ¢(B) are used.
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2.4. Lamb-Shift Polarimeter

2.4.4. Spin Filter

The spin filter is the most important part of the Lamb-shift polarimeter. It was first
introduced by McKibben, Lawrence, and Ohlsen in context of the Los Alamos Lamb-
shift polarized ion source [MLOGS].

In a spin filter a combination of static electric, static magnetic, and radio frequency
electromagnetic fields are used to initially quench all four (for hydrogen atoms) or six
(for deuterium atoms) Zeeman components of the metastable 2S; o-state — produced in
the cesium cell — into the ground state. Only at certain resonances, which occur at
different magnetic fields, atoms in a single o state are trapped in an oscillation between
this o state and a corresponding e state, so that after the spin filter this particular o
state is still populated. States that are already quenched into the ground state inside the
spin filter can no longer contribute to the signal of the photomultiplier produced from
the Lyman-a photons emitted by the (unspecific) quenching in the quenching chamber.
In other words, only the o state, which the spin filter allows to be partially populated,
can be detected by the photomultiplier.

The working principle of the spin filter for hydrogen is illustrated in the diagrams in
Fig. 2.19. Without external fields the 25, ; states can only decay via a rare two photon
transition indicated by the thin arrows. With typical kinetic energies of metastable
atoms in Lamb-shift polarimeters only an insignificant amount would decay between the
cesium cell and quenching chamber. As discussed in Sect. 2.1.9, the lifetime of the
states can be reduced by coupling them to the short lived 2P, /5 states with a combination
of static electric and static magnetic fields. The coupling of the 8 and 2P/, states is
indicated by the green arrows in Fig. 2.19. The fast decay from the 2P, states to the
ground state via a dipole transition is illustrated by the thick black arrows. With an
electric field of about 10Vem™ and a magnetic field between 50 mT and 65mT the
lifetime of the ( states is well below 10~"s. With this lifetime and typical velocities in a
Lamb-shift polarimeter almost no 3 states will be left in the beam after passing the spin
filter. The o states are coupled to the e states via radio frequency electromagnetic fields.
Depending on the strength of the coupling, three cases are possible: If the coupling
is “weak”, not all atoms in an initial a-state will move into an e-state during there
flight through the spin filter, and consequently stay in this metastable state. With a
“moderate” coupling strength, all atoms in an a-state are brought into the corresponding

e-state, from were they decay into the ground state, before the electromagnetic field is
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Figure 2.19.: Coupling scheme for metastable hydrogen atoms in a spin filter.
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2.4. Lamb-Shift Polarimeter

able to bring them back to their original a-state. This case is illustrated by the thinner
of both red arrows in Fig. 2.19a and Fig. 2.19b. Only if the coupling is much “stronger”
there is a chance that atoms — after a transition to a e state — are re-exited to their
original o state before they could decay to the ground state. The last case is expressed
by the thick arrows in the diagrams. With a spin filter the coupling strength changes
with the magnetic field in such a way, that for a broad range the coupling is “moderate”
for every o state simultaneously, but becomes “strong” for each o state at a separate,
smaller interval within this range. How this is achieved will be discussed in the following
paragraph using the example of hydrogen.

The energy difference between the al and the el state, as well as the energy difference
between the a2 and the e2 state is a function of the magnetic field (see Fig. 2.8). To
allow transitions between these states, this energy difference has to match the photon
energy of the radio frequency electromagnetic field (AE = E,, = hv < v = %) For
a given frequency v, there will be a corresponding magnetic field at which the energy
difference between ol and el is equal to the photon energy and a second (stronger)
magnetic field at which the energy difference of o2 and e2 matches. This is illustrated
in Fig. 2.20. If the photon energy is equal to the energy difference between two states,
a photon can either be absorbed or cause a stimulated emission. Since the 2P/, states
have a short lifetime there are no atoms in this state before entering the spin filter. Thus,
initially, the photons can only be used to induce transitions from the more energetic o
states to the lower energetic 2P/, states. Only if the transition rate induced by the
photons exceed the decay rate of the 2P,/ state, photons are able to re-excite atoms
in a 2P/, state back to their original 2S;/, state. To induce the necessary photon
density, the radio frequency electromagnetic field is stored in a cavity, which, as every
practical cavity, does not provide a single, discrete frequency, but a continuous spectrum
given by the resonance curve. This resonance curve is usually described by a Lorentz
distribution. The cavities for Lamb-shift polarimeters are designed specifically to have
a quality factor @ = & of @ € [1000;3000], with the resonance frequency vy and
the FWHM of the resonance curve Av. A logarithmic plot of a Lorentz curve with
@ = 2000 and vy = 1.609 75 GHz is provided in Fig. 2.21. With adequate overall power,
the electromagnetic field is coupled into the cavity, there is a broad interval (see green
area in Fig. 2.21) of frequencies, in which the intensity is sufficient to bring all atoms in
o states to their corresponding e state and a narrow interval (see red area in Fig. 2.21),

in which the intensity is even high enough to bring them back into their initial o state, if
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Figure 2.20.: The magnetic fields matching to the transition frequencies between ol and
el (blue) and between o2 and e2 (orange). With typical settings for the
cavity the “moderate” coupling spans roughly over the interval indicated
by the green area. The solid lines indicate the typical resonance frequency
(vg = 1.609 75 GHz) and the corresponding magnetic fields for both transi-
tions of the o states of hydrogen. The “strong” coupling occurs in a small
interval around the resonance frequency.

the frequency matches the energy difference. Since the energy difference, and therefore
also the fitting frequency, are functions of the magnetic field, these frequency intervals
correspond to magnetic field strength intervals (see green area in Fig. 2.20). At this point
it is worth noting that the resonance frequency of the cavity does not need to match the
energy differences of o states with the corresponding e states at the crossing points of the
e states and the {3 states (see Sect. 2.1.9), which would be vy = 1.609 75 GHz, but may
also take other values. However, for this type of Lamb-shift polarimeter the magnetic
fields, at which the resonance frequency matches should roughly be between 50 mT and
65mT, to ensure, that all B states are quenched to the ground state (see Fig. 2.11). A
different approach will be discussed in Chap. 5.

In conclusion: which a-state, if any, is able to partially pass the spin filter, is determined
by the magnetic field strength. Thus, a typical measurement is done by detecting the

amount of metastable atoms behind the spin filter while the magnetic field is changed in
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Figure 2.21.: Resonance curve of a cavity with resonance frequency vy = 1.609 75 GHz
and quality factor () = 2000. Above the lower threshold — marked by the
line — the intensity is sufficient to bring all atoms in o states to e
states. Above the higher threshold — marked by the red line — the intensity
is sufficient to bring atoms in e states to o states, before they can decay to
the ground state.

a saw-tooth pattern. This way a spectrum is created, which consists of one peak for every
a-state present in the beam — two in chase of a pure H or Hs -beam, three in chase of pure
D or Dy, and five in chase of a beam consisting of both isotopes. Depending of the beam
intensity, averaging over a few of those measurements is necessary. Schematic spectra for
both, hydrogen and deuterium, are shown in Fig. 2.22. At low magnetic fields the signal
intensity is high, since there is not enough electromagnetic field intensity of the fitting
frequencies to bring atoms in any o state to the corresponding e state. With increasing
magnetic field the frequencies needed for the transitions also increases and the cavity can
provide sufficient intensity to completely depopulate the o states — this creates a valley in
the spectrum. In small intervals around the five magnetic fields, at which the resonance
frequency of the cavity is exactly equal to the energy difference of one of the two o states
of hydrogen or three o states of deuterium and the corresponding e states, the photon
density is so large that the atoms oscillate between the corresponding 2S;/, and 2P/,

substates and only a few will decay from the 2P;/, substates into the ground state.
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Thus, about 50% of the atoms in this single oscillation will stay in the correponding
251/ substate and will be detected in the quenching chamber. Accordingly, one peak
for each o state present in the beam appears in the spectrum. At stronger magnetic fields
the frequencies needed for transitions between o and e states are insufficiently provided
by the cavity and, therefore, atoms in o states can pass the spin filter. The amount of
metastable atoms detected increases and, thus, the valley in the spectrum ends.
The area of each peak in the spectrum is a measure of the amount of atoms in the
corresponding o states in the beam. Since the shape of the peaks is identical®, the
integral and the height of a peak are correlated, so that the the peak height can also
be used to calculate the polarization. At high intensities it is sufficient to measure the
peak heights, while at low intensities it is advisable to use the integral to minimize the
statistical uncertainties.
If the nuclear spin polarization of the beam is conserved until it reaches the spin filter
the polarization can be measured by the occupation numbers of the o states only (see
Tab. 2.5). Therefore, the polarization can be calculated from the peaks’ areas or heights.
However, since the measurement relies on the ability of the spin filter to allow the o states
to partially pass at different magnetic fields, the probability of atoms passing the spin
filter should ideally be the same for each o state. These transmission probabilities are
primarily influenced by the homogeneity of every single magnetic resonance field the
solenoid provides at the volume of the beam in the cavity. Thus, a careful tuning of
the solenoid, aiming for high homogeneity, is advisable, and will be further discussed
in Sect. 3.4.1. Still, differences in transition probabilities can occur, but measurements
with unpolarized beams can help to correct for this effect. If p, is the polarization
of hydrogen atoms in the o states before the spin filter, the measured polarization py,
is:

ta1 Pur — a2 Poo

_ 2.76
tcxlpocl + totZPaQ ( )

Pm

_ la (1 +pZ) — tao (1 - Pz)
tocl (]- +pz) + toc? (]- - pz)

, (2.77)

with t,; and t,s being the transition probabilities for atoms in states ol and o2, respec-

tively, and P,; and P,s the probability of atoms being in these states. Therefore, the

9 Assuming identical homogeneities of the magnetic field around each peak, the shape is determined
by the resonance curve of the cavity, the beam energy, and the static electric fields.
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polarization of atoms in the o states results from the measured polarization and the

transition probabilities as:

(totl + tot2) - Z% (totl - toc2)
Pz =
(tcxl + toc2) — Pm (tocl - toQ)

*Pm = CSp,H(toclvtoQ;pm) *Pm (278)

which defines the correction factor of the spin filter for hydrogen Cg, . To avoid mea-
suring the transition probabilities directly, the polarization of an unpolarized beam py, o

can be measured. With p, = 0, Eq. (2.77) calculates to

lor — to2
o | 2.79
b . tocl + toc? ( )

and the correction factor can be simplified:

1 _ Pmyo

Cspu(Pm, Pmo) = Tﬁ%,o : (2.80)
Notably, this correction factor again is a function of the measured polarization. In the
limits p,, — +1, however, it approaches 1, which is reasonable, since in these cases one of
the two o states is not populated and therefore, the corresponding transition probability
is irrelevant.

In case of deuterium, the measured vector polarization p,, and tensor polarization pmm,
results from the probabilities of atoms being in the three o states (P, P, Pis),
with:

toclpcxl - tchPoc?)

m = 2.81
b Zfoclpcxl + tot2Poc2 + ta3Pa3 ( )
_ tocl (2 + 3pz + pzz) - tcx3 (2 - 3pz + pzz) (2 82)
to1 (24 3Py + Dus) + o2 (2 = 2Ds) + a3 (2 = 3ps + D) '
and:
taa Py — 2to Py + to3 Py,
S 145741 2852 + toz a3 (2.83)
toclpocl + tcx2Poc2 + tcx3pot3
o tcxl (2 + 3pz + pzz) - 2toc2 (2 - 2pzz) + tch (2 - 3pz + pzz) (2 84)

B Zfo(l (2 + 3pz + pzz) + toc? (2 - 2pzz) + tch (2 - 3pz + pzz)
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with p, and p,, being the vector- and tensor-polarization of atoms in the o states before
the spin filter. By using the measured vector- and tensor-polarization of an unpolarized
(P2 = Pzz = 0) beam

tocl - toc3

- 2.85
P . tocl + toc2 + toc3 ( )

tocl - 2toc2 + toc3

: (2.86)
tocl + tcx2 + tcx3

Pmm,0 =

the vector- and tensor-polarization before the spin filter can be calculated from these

“zero-measurements” and the measured polarizations by:

1
D, = 5 (2pm (2 — Pmm,0 (]- + pmmﬂ)) + 2pmmpm,0 (pmm,O - 1)
+4pm,0 (pmm,(] - 1)) ) (287)
and,
1 2
Pz = 5 6pmpm,0 (pmrn,O - 1) + 2pmm <2 +pmm,0 - Spmyo)

_2pmm,0 (2 + pmm70) + pfmo) s (288)

with the denominator D in both expression:

D = (4 + 6pmpm,0 (pmm,O - 1) +pmm (3171211,0 - pmm,O (pmm,O + 2))

—317?11,0 - p?nm,()) . (2-89)

Since the homogeneity of the magnetic field, and, therefore, also the transition proba-
bilities, usually changes less between field strengths that are close to each other than for
fields that are further apart, the correction is much more important for hydrogen, than

for deuterium.
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(a) A schematic spectrum for Hydrogen. At the magnetic field By, atoms

in the al state can pass the spin filter, while at Byyo the o2 state will
still be populated.

L/
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(b) A schematic spectrum for Deuterium. The peaks associated with the
three a-states of Deuterium lie in between the two peaks of Hydrogen.

Figure 2.22.: Schematic spectra for pure Hydrogen (a) and pure Deuterium (b) beams. If
the resonance frequency of the cavity is vy = 1.609 75 GHz the peaks occur

at: Bpy = 53.8mT, Bpy = 56.4mT, Bpy, = 57.4mT, Bp,s = 58.4mT,
and By = 60.5mT
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2.4.5. Quenching Chamber

Directly after passing the spin filter the beam enters the quenching chamber. The
essential purpose of the chamber is to measure the amount of remaining metastable
atoms in the beam.

One option for the detection of metastable atoms is the method used in the original
Lamb-shift experiment, where the beam is terminated by a sheet of tungsten metal,
from which electrons are released by exited atoms [LR50]. While an ionization of the
tungsten atoms by impact of ground state atoms would violate the four-momentum
conservation, the excitation energy of an incoming atom can be transferred to an electron
with less binding energy, which consequently will be released. This process is called
“collision of second kind” [LR50]. These free electrons are collected by a second electrode,
which is connected to the tungsten sheet via a voltage source. The resulting current is
proportional to the rate of excited atoms hitting the tungsten sheet. At high metastable
intensities, this method is viable, but for lower intensities other methods proved to be
better.

The two set-ups which are subject to this thesis utilize a different detection method.
As discussed in Sect. 2.1.9 the lifetime of the metastable 25, /, state can be reduced
drastically by electrical fields via the Stark effect. By applying a significantly stronger
field to the atoms than in the spin filter, the lifetime becomes short enough that most
of the remaining metastable atoms are quenched to the ground state within a small
volume. Each atom, which is quenched to the ground state, emits a Lyman-o photon
(E, =~ 10.2eV or A ~ 121 nm). The photons are converted to an electrical signal by a
photomultiplier, which is specifically designed to detect photons in a small wavelength
interval around the Lyman-o wavelength. For example 110nm to 230 nm with a Csl-
photocathod or 110nm to 165 nm with a KBr-photocathod and MgF-windows. Since
the photons are emitted evenly distributed in all directions only about 1% reach the
window of the photomultiplier. With a quantum efficiency of about 10 % this results in
a detection efficiency of 1073. Efforts, to specify a preferred radiation direction via a
magnetic field, failed, since the magnetic field disturbed the photomultiplier. In prin-
ciple, with an ellipsoidal mirror made from glass with a coating of pure aluminum —
the only known material which is highly reflective for Lyman-o radiation — the effec-

tive coverage of the photomultiplier can be increased. One of the two focal points is
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located in the quenching region and the other one at the photomultiplier window. Since
pure aluminum will build an oxide layer when exposed to air thin coatings of Lyman-a
transparent MgF are needed. Experiments with such a mirror have been done in Jiilich
[Eng].

Another detector is currently tested by the BoB group at the TU Munich [Sch+19].
The detection principle can be seen as a combination of both methods discussed above.
Instead of the tungsten sheet the beam is directed onto a Microchannel-Plate (MCP).
Like the photomultiplier the MCP is based on multiplication of secondary electrons.
The voltage between the front- and the back-side of the MCP, which is needed for the
multiplication, can either be applied such, that the front side is on earth potential and
the back side is on a positive potential, or the back side is grounded and the front side on
a negative potential. In the first case the primary electrons are produced by collisions of
second kind, as in the original Lamb-shift experiment. In the second case the metastable
atoms see an electric field, before they hit the MCP and are quenched via the Stark effect.
Now, the Lyman-a photons are able to produce free electrons via the photo-effect. Since
this happens close to the surface of the MCP, a solid angle of almost 2r is covered by the
detector. Unlike the original Lamb-shift experiment, in which the kinetic energy of the
beam atoms was around % eV and, thus, much lower than typical work functions (2 to
6eV), the beam energy is significantly higher in typical applications of the Lamb-shift
polarimeter (e.g. 325.7eV in the BoB experiment). Although ionization by collision of
neutral atoms in the ground state is less likely than by collisions with charged particles
or exited atoms, a background signal from ground state hydrogen atoms cannot be ruled
out. The detection efficiency and background characteristics of both operation modes

are currently tested.

Another detection method which is discussed in context of the BoB experiment utilizes
the charge exchange reaction H+ Ar — H™ + Ar™. With an initial kinetic energy of the
hydrogen atoms of 325.7eV, the H™ ions created from ground state hydrogen atoms have
a kinetic energy of 309.9 eV, while the H™ ions created from hydrogen atoms in the 2S; s
state have a kinetic energy of 320.1eV [Sch+19]. The ions can be separated by their
energy (e.g. by means of an electric counter field) and detected (e.g. with a scintillator

crystal after re-acceleration and deflection from the beam).
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2. Theory

2.5. Bound Beta Decay Experiment

Lamb-shift polarimeters can be used for a number of experiments in different fields. On
example is the bound-beta decay experiment that is under preparation in a collaboration
with the Technical University of Munich. As well known, a free neutron n decays into a

proton p, an electron e, and an electron-antineutrino 7,:
n—pt+et+v. . (2.90)

With a branching ratio BR ~ 4 - 1075 [Nem80], the proton and electron can be found in

a bound state, which is nothing else than the hydrogen atom:
n—H+v, . (2.91)

About 10 % of these hydrogen atoms are expected to be in the metastable 25,/ state.
Since this is a two body decay, the kinetic energy of the hydrogen atom is fixed with
Eyin = 325.7eV, and the atom and the 7, move in opposing directions. If only the con-
servation of angular momentum is assumed, there are six possible spin configurations

for the neutron decay in an external magnetic field, which are shown in Tab. 2.7. If the

Table 2.7.: Spin configurations of the neutron decay in a magnetic field [Sch+06]. With
the hydrogen atoms moving in the direction of the magnetic field, the prob-
abilities P; for each configuration, assuming a purely left-handed V-A inter-
action, is derived in [NOS80].

n—>p+e+v B>B. P[%]

1+ 1 1 ! ol 0.622(11)
2) + 4 1 pd 0
<) N S R . 0
DLt o4 L P 44140)
5) L L 1+ 1«2 55.24(4)
6 L 4+ L 1t p3 0

atoms which are moving in the direction of the magnetic field are detected, configurations
2), 3) and 6) would result in left-handed electron antineutrinos. Thus, these configura-

tions are forbidden, when a purely left-handed V-A interaction is assumed. With this
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2.6. Sona Transition

assumption, the probabilities P; of the configurations can be calculated [NO80]. Other
than the states a2 and (34, the state 33 can only be formed by emission of a left-handed
electron antineutrino. The detection of hydrogen atoms in the 3 state would, therefore,
be proof for the existence of left-handed antineutrinos. In principle, at a kinetic energy
of 325 eV of metastable hydrogen atoms a Lamb-shift polarimeter is able to measure the
(relative) occupation numbers of the o states. Unfortunately, the spin filter, which is
discussed in Sect. 2.4.4 cannot be used to detect the 3 states. One option to detect the
B3 state, nevertheless, is to exchange the occupation numbers of the states ol and (33,
which is discussed in the following section. Another option, involving a new type of spin

filter, is discussed in Chap. 5.

2.6. Sona Transition

The Lamb-shift polarimeter, as it is discussed in the previous sections, can be used
to measure the nuclear spin polarization of ions and atoms in the ground state, which
are then brought in the metastable 2S; /5 state, by determining the ratio of occupation
numbers of the o states. However, in the configuration discussed before, it is not able
to detect (3 states, since they are all forced into the ground state inside the spin filter.
If, for instance for the BoB experiment [Sch+06], the 33 state of hydrogen needs to be
detected, in principle a Sona transition can be used to exchange the occupation numbers
of ol and 3 [Son67]. However, as it will be discussed in the following, in practice it is
rather complicated to achieve a reliable 33 measurement.

A Sona transition consists of two solenoids, which are coaxial with the beam, but with
opposing magnetic fields. With this configuration a controlled zero crossing of the longi-
tudinal magnetic field can be achieved. A schematic drawing of such a setup between two
spin filters is shown in Fig. 2.23. For a hydrogen atom in state a1l both, the electron and
the nuclear spin, are parallel to the magnetic field (see Eq. (2.14a)), whereas in the 33
state both spins are anti parallel to the magnetic field (see Eq. (2.14¢)). If the direction
of the magnetic field is reversed in the Sona transition, the spins of the atoms, which
had been in state 33 are now parallel with the magnetic field, and, therefore, are then in
the state al, and vice versa. This can also be understood, by extending the Breit-Rabi

diagram to negative magnetic fields, as it is shown in Fig. 2.24. This process, however,
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long. magnetic field [mT] . %

= =

Figure 2.23.: Schematic setup of the Sona transition. The two opposing coils are shielded
by four layers of p-metal (green) against the strong stray field of the two
spin filters (brown). The distance between the Sona coils is adjustable. A
typical longitudinal magnetic field curve is overlayed in blue.

can only work, if the Larmor frequency of the total spin F' in the radial magnetic field

is lower than the reversal of the longitudinal magnetic field, which is ensured if [Son67]:

0B, 8 o
< Vg m

2.92
0z er? (2.92)

Y

with vy = \/m being the velocity of the hydrogen atoms, m, = 511keV/c? the
electron mass, e = 1.602 - 107'? C the electron charge, and r the radius of the beam.
Otherwise, the spins would be able to reverse their direction within a half Larmor
precession too, and, thus, stay in their initial state. From Gauss law for magnetism
(V-B =0) and the symmetries of a solenoid follows for the radial component of the
magnetic field:

p OB,

Brad(zma) = _5 ’ 0z

(2.93)
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energy in multiples of AFsg
o

2 -1 00 "1
magnetic field B [mT]

Figure 2.24.: Breit-Rabi diagram for 2S; /, of hydrogen around B = 0. By crossing B = 0
al becomes 33 and 33 becomes al. The states a2 and 4 do not change.

where p is the distance from the z-axis. Because the atoms are traveling through the
magnetic field with a constant velocity the z-dependence of the magnetic field can as
well be expressed as a time dependence. Thus, the atoms will experience a changing
magnetic field in time. With a Fourier analysis of the radial magnetic field the harmonic
frequencies of the electromagnetic field seen by the atoms during their flight can be
obtained. Noteworthy, these frequencies are fully determined by the velocity vy of
the atoms and the geometry of the Sona transition (expressed in the wavelength \),
but are independent of the magnetic field strength in the Sona coils and the radial

th

distance of the atom from the beam axis. The important™ second harmonic frequency

1s:

y="0 (2.94)

0The first harmonic corresponds to a half wave only, while the second harmonic, a full wave, repre-
sents a photon in the particle picture.
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Typical orders of magnitude are: vg ~ 10°ms™', A ~ 107! m and, thus, v ~ 1 MHz.

The oscillating radial magnetic field can induce o-transitions in the atom, if the energy
difference between the initial state and a suitable (Ampr = +1) final state is equal to
Epn = hv or an integer multiple of it. Thus, at different magnetic fields in the Sona
coils (multi-) photon transitions occur between 3 and o2 and between o2 and ol. The
dominating magnetic field B that defines the energy difference between the substates
corresponds directly to the maximal longitudinal field inside the Sona coils. In Fig. 2.25
the (multi-) photon transitions for v = 5MHz (e.g. vy = 5-10°ms™, A = 1071 m)

are drawn into the Breit-Rabi diagram. Consequently, atoms starting in the 33 state

9_ |
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7
6 i
"N’ 1
X
=3
v—ll .
=
K
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\ i
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magnetic field B [mT]

Figure 2.25.: Transitions in 25,5 of hydrogen induced by B,aq(t) in a Sona set up with
v = 5MHz. The counting labels also indicate the number of photons
needed for the transition. Noteworthy, the difference in magnetic fields
between two o2 <+ ol transitions increases with the magnetic field, while
the difference between two o2 <> 33 transitions decreases.

before the Sona transition, are initially in state ol after the zero crossing, but from
there they may change to the o2 state and in a second step even back to 33. Thus,

not all atoms in 33 will end up in al. Moreover, atoms starting in state ol before the
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2.6. Sona Transition

Sona transition, are initially in (3, but can change to the o2 state in a first step and
back to ol in a second one. Atoms starting in state o2 are not affected by the field
reversal directly, but, nevertheless, experience an electromagnetic field which can induce
transitions to ol or 33. Thus, not all atoms ending up in ol had been in state 33 before
the Sona transition. However, with known and fixed beam velocity and geometry of
the Sona setup, the magnetic field in the Sona coils can be adjusted such, that it is
positioned right between possible transitions in the Breit-Rabi diagram. In conclusion,
an exchange of the occupation numbers of 33 and «l, and, therefore, a measurement
of the 33 occupation number is not trivial, but needs precise knowledge and control of
the beam velocity, the geometry and the magnetic field strength in the Sona transition.
Moreover, the fact, that the wavelength A and frequency v of the electromagnetic field,
the atoms interact with, are not linked to each other via the speed of light, but the
velocity of the atoms, opens up the opportunity for a new kind of spectroscopy. Le., if
one wants to perform a spectroscopy measurement with a standing electromagnetic field
in a cavity with a frequency v = 1 MHz, the cavity will need to have a size of about
300 m, which is rather unpractical, while the Sona setup allows for the same frequencies
in a space of less than a meter. Therefore, a well-tuned Sona transition unit can be a

helpful tool to increase the options of a Lamb-shift polarimeter.
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3. Preparatory Measurements

As mentioned in Chap. 1 the measurements presented in this thesis were performed
with two different Lamb-shift polarimeter setups. One is located in the Institute of
Nuclear Physics (IKP) at the research center Jiilich, the other in the Budker Institute
of Nuclear Physics (BINP) in Novosibirsk. The setup at the BINP is part of a research
cooperation supported by Deutsche Forschungsgemeinschaft (grant no. BU 2227/1-1)
and the Russian Science Foundation (grant no. RSF 16-42-01009). Apart from the
ionizer, which was manufactured at the BINP to the same blueprint the ionizer in
Jiilich was made from, the parts for the Lamb-shift polarimeter were build and pre-
assembled at the IKP and then shipped to Novosibirsk. Measurements of the magnetic
field homogeneity inside the spin filter at different currents (see Sect. 3.4.1), the magnetic
field in the cesium cell at different currents (see Sect. 3.3) and the resonance curve of the
cavity (see Sect. 3.4.2), were performed prior to the shipment. A re-measurement of the
resonance curve showed, that the cavity was not affected by any impacts or vibrations
during transport. It is assumed, that the homogeneity of the magnetic field of the spin
filter is not compromised either, since it is much more robust than the cavity. For the
shipment the bench with the mounted Lamb-shift polarimeter parts and the rack with
all power supplies were packed together in a box, while the photomultipier, cables, the
pre-pump and other auxiliaries were packed in a second box. Apart form a broken water
supply connection on one of the cesium cell coils no damages were found. The damaged
water supply connection is a minor problem, since the coil can still be cooled by a second
water cycle and the temperature of the water supply usually is fairly low. A vacuum
leak, between a teflon connection piece and the photomultiplier, was found and fixed
by enlarging the inner diameter of the teflon piece, so that the photomultiplier is able
to slide into the opening more easily. Another problem occurred, when the first cesium
ampule was cracked in the cesium cell. Due to its slightly different shape compared to
those which are used in Jiilich, it did not break at the bottom as intended, but at the
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top. Consequently the liquid cesium initially was not able to drop down to the bottom of
the cesium cell. By carefully rotating the cell back and forth by more than 90° without
braking the vacuum a sufficent amount of cesium was transferred to the main chamber
of the cell. This rotation was only possible, because the special “Karlsruher Norm”
vacuum connection. Unfortunately, during this procedure, a piece of glass probably got
stuck in such a way that part of the beam was blocked and the intensity was reduced. A
higher intensity was only achieved again after the cesium was renewed. The ionizer was
mounted to the bench of the Lamb-shift polarimeter and connected to the Wienfilter
with a valve in between. Since all parts of the Lamb-shift polarimeter are mounted
on the same bench, an alignment is easily achievable, whereas the alignment between
the beam source and the Lamb-shift polarimeter is rather difficult, since there is no
fixture or bench, on which the beam source is mounted to. Therefore, the bench of the
Lamb-shift polarimeter has to be aligned with the beam tube of the source manually.
A picture of the setup at BINP is shown in Figure 3.1. In the following primarily the
components of the Lamb-shift polarimeter at the BINP are described. The components

of the Lamb-shift polarimeter in the IKP are very similar.
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Figure 3.1.: The Lamb-shift polarimeter at BINP. From top right to bottom left the
components are: Ionizer, Wienfilter, cesium cell, spin filter, and quenching
chamber.
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3. Preparatory Measurements

3.1. lonizer

The ionizer for the BINP Lamb-shift polarimeter is of the Glavish type. A short de-
scription of the working principle of such an ionizer can be found in Sect. 2.4.1.

To provide strong magnetic fields, the solenoidal coil is made from copper pipes with
a quadratic outer cross-section (0.5cm x 0.5cm), and a circular inner cross-section (di-
ameter = 0.3 cm), though which cold water is forced. This way currents of up to 600 A
can be send through the coils without overheating, resulting in magnetic fields of about
0.5T. A thick iron jacked reduces stray fields. Inside four ring-shaped and one cylindri-
cal electrode and a wolfram filament are mounted on three threaded rods. Each electrode
is connected to a high voltage vacuum feed-through. Thus, they can be set on different
electrical potentials. The filament is connected to a higher current feed-through, to allow
currents of up to 8 A to heat the tungsten wire to more than 2500 K. The third electrode,
which is the cylindrical one, is perforated to allow for better pumping. Around the inner
electrode structure a getter pump, consisting of several cartridges and heating elements,
is mounted. When activated, it is able to absorb about 20001s™! of Hy or Dy, and to
collect other gases, except noble gases, due to chemical binding on the surface. Thus,
residual unpolarized gas is removed and, consequently, the background signal is reduced
[Eng+05].

In the ideal case, the kinetic energy is determined by the third electrode exclusively.
Unfortunately, during very recent measurements with the Sona transition unit in Jiilich,
it was realized, that this is only the case if the ionizer is working in the electron collision
mode and not in the — much more efficient — plasma mode. In the plasma mode the
beam energy is influenced by the potential of the second electrode, since the plasma is
build up due to the electrical gradient field between these electrodes. Therefore, the
beam energy gets smaller than the corresponding potential at the third electrode. An
example of the beam energy as function of the potential at the third electrode is shown
in Fig. 3.2. Since the beam energy in the plasma mode is most likely also a function
of the vacuum pressure and the potentials of the second electrode, the data shown in
Fig. 3.2 can not be regarded as a calibration curve, but instead the beam energy has to
be determined differently, if the ionizer is operated in the plasma mode. As discussed
in Sect. 2.4.2 the magnetic field in the Wienfilter has to be adjusted to the beam en-

ergy, when the polarization of protons and deuterons is measured. Therefore, an energy
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Figure 3.2.: The beam energy determined by the analysis of the Sona measurements as
function of the potential of the third electrode of the ionizer (blue). Ideally,
the data points would lie on the black line.

calibration of the Wienfilter would be desirable. With low pressure, in the ionizer, the
ionizer operates in the electron collision mode. Hence, the beam energy is determined
by E3. By varying the magnetic field in the Wienfilter and detecting, at which electric
field the protons are able to pass with a Faraday-cup, such a calibration curve can be
acquired. For measurements with molecular ions, however, it is not necessary to know
the beam energy precisely, for the Lamb-shift polarimeter to work properly, since the

measured polarization is not influenced by the Wienfilter.
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Figure 3.3.: A schematic drawing of the ionizer and typical potentials of the electrodes.
Atoms and molecules enter the ionizer from the left. Electrons are emitted
by the hot wolfram filament. Inside the cylindrical electrode E3 they, prefer-
ably, collide and ions are produced. The ions are then accelerated towards
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3.2. Wienfilter

As discussed in Sect. 2.4.2 a Wienfilter utilizes perpendicular magnetic and electric fields
to filter the ion beam by the velocity of the particles, and, thus, by their mass. Hence, it
is possible to measure the polarization of each ion type (HT, Hy™, DT, HD* and Dy™)
separately. The only exceptions are the two ions Hy™
masses can not be resolved by the Wienfilter. However, since the spectra of metastable
hydrogen and deuterium measured by the spin filter are easily distinguishable, this is

not a problem. The Wienfilter send to BINP is a relatively simple, but nevertheless
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3.2. Wienfilter

effective and reliable device, which had been used in an older Lamb-shift polarimeter
in Cologne. It consists of a cuboid vacuum chamber made from aluminum, with two
isolated, parallel stainless steel plates — one on the top and one on the bottom of the
chamber. Outside of the chamber, a thick plate of magnetic steel is mounted on each
side. Coils around a yoke, connecting both plates, are glued to them. The yoke also

serves as holding structure. A picture of it is shown in Fig. 3.4. The coils are only

Figure 3.4.: The Wienfilter for the Lamb-shift polarimeter at BINP.

cooled by convection, but can still be operated safely with currents up to 8 A, resulting
in a magnetic field of about 33mT in the center of the Wienfilter. A calibration curve
is shown in Fig. 3.5. As discussed before, the nuclear spin of protons and deuterons
will precess in the Wienfilter due to the Larmor precession, and, thus, the measured
polarization is a function of the magnetic field in the Wienfilter (see Eq. (2.51)). With
a known rotation angle the measured polarization can be corrected. Therefore it is

reasonable to measure a “Wienfilter curve” for each beam energy, at which the Lamb-

79



3. Preparatory Measurements

35
30
=
E 2
e
A 20
=
& 15
]
l‘%
= 10
ap
oy]
=
5
0

current through coils Ty [A]

Figure 3.5.: The calibration curve of the Wienfilter at BINP. Measured at its former
place of use in Cologne [Eng+02]. The magnetic field was measured at the
center of the Wienfilter. Up to about 5 A saturation effects are small and the
curve is almost linear. The magnetic steel causes a hysteresis, therefore, the
“direction” from which the current is set is important to obtain consistent
magnetic fields. Without any current a small magnetic field is still present
due to the magnetization of the steel.

shift polarimeter is operated. In Fig. 3.6 the measured polarization as a function of
the current through the coils is shown for a beam energy of 2000eV. In this case the
polarization vector is rotated by 180° at a current of about 2.70 A. Measurements with
protons at this energy should therefore be done, with a current through the Wienfilter

coils of 2.70 A. The measured polarization then needs to be corrected by the factor
CWF =—1.
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Figure 3.6.: Wienfilter curve for a proton beam. The measured polarization is a function
of the magnetic field in the Wienfilter. At I = 2.70 A the polarization vector
is rotated by a = 7 and the maximum measured polarization is 0.576. With
the correction factor for « = 7 = C'wr = —1 the polarization of the proton
beam was determined to be —0.576. At currents above 5 A the magnetic field
saturates (see Fig. 3.5), thus the “frequency” of the cosine curve decreases.
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3.3. Cesium Cell

The cesium cell essentially consists of a vacuum chamber, with heatable bottom and
top parts, a mechanism to hold and crack glass ampules filled with cesium, and two
water-cooled coils outside of the chamber. The chamber is made from stainless steel.
Both, the bottom and the top piece incorporate two boreholes each, which are equipped
with a heating cartridge and a Pt-100 thermal sensor. A picture of the cesium cell send
to Novosibirsk is shown in Fig. 3.7. In combination with two PID controller the heating
cartridges and the Pt-100 sensors ensure stable temperature settings of the bottom and
the top (AT < 0.1°C). With the temperature of the bottom the vapor pressure over
the liquid cesium (melting point: 28 °C at 1013 mbar) is controlled (see Eq. (2.57)). The
vapor will rise in the cell and cross the beam before it will hit the top. Since the top
is set to a lower temperature (usually around 60°C) the vapor condenses and the liquid
cesium will drop back to the bottom of the cell, closing the cycle. Noteworthy, the vapor
will cool down while rising due to collisions with the cooler walls, which cause the vapor
pressure, and therefore, the number density of cesium atoms in the beam-vapor interac-
tion region to be lower than one would expected by considering the bottom temperature
only. Earlier measurements indicate, that the number density in the interaction region
can be approximated by multiplying the number density, calculated from the bottom
temperature, by a factor of 0.44 [Eng+14].

The two coils — one on each side of the cesium cell — are concentric with the beam axis,
and thus create a longitudinal magnetic field. As discussed in Sect. 2.4.3, a strong mag-
netic field in the beam-vapor interaction region is necessary to preserve the polarization
during the production of the metastable atoms. The magnetic field profile along the
beam axis was measured at different currents (see Fig. 3.8). Averaged over the interac-
tion region, the magnetic field as function of the current through the coils is plotted in
Figure 3.9. When cooled with water, the coils can safely be operated with currents of
20 A. The critical magnetic field for Hog, 12 (B. = 6.34mT) is reached at approximately
2.55 A, while the critical magnetic field for Dy, , (B. = 1.5mT) is already surpassed
with currents grater than 0.58 A.

Apart from the important polarization preservation the magnetic field has a second ef-
fect: Due to the Lorentz force all ions, which are not perfectly parallel to the magnetic

field, are forced on corkscrew-like trajectories. This increases their average path-length
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Figure 3.7.: The cesium cell at the BINP. The interaction region is in the central cubic
part. Underneath the liquid cesium is stored and heated. Above one of
two windows is visible. A stamp inside the long cylinder is used to crush
the cesium ampule. The coils are electrically connected in series. On the
left the “Karlsruher norm” connects to the spin filter, while on the right a
CF-flange connects to the Wienfilter.
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Figure 3.8.: Magnetic field in the cesium cell along the beam axis for different currents.
The production of metastable atoms takes place in an interval of about
+15mm around the center.
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Figure 3.9.: Mean magnetic field strength in the interaction region as function of the
current through the coils. The linear fit can be used as calibration curve.
The small offset of 0.09mT is due to a small remanence of the cesium cell.
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in the cesium vapor. Accordingly the vapor pressure can and should be decreased to
achieve maximum efficiency for the production of metastable atoms, which has the ben-
efit, that the rate the cesium dissipation is reduced. With Bi.q (z,7) = —9B2/dz - 7/2 the
radial component of the magnetic field for a radial distance r from the axis at a distance
z from the center of the cell can be calculated. Even at r = 8 mm the radial magnetic
field stays below 2mT, so that misrepresentation of the polarization due to tilting of the

polarization vector is lower than 0.06 %, and therefore, negligible.

3.4. Spin Filter

As discussed in Sect. 2.4.4 the spin filter is the most essential part of a Lamb-shift
polarimeter, as it allows for a selective transmission of atoms in a single o state, while
atoms in all other metastable 25, /5 states are forced into the ground state. To achieve
this, a finely tuned combination of static magnetic, static electric and radio frequency
electromagnetic fields are needed. The static magnetic field is provided by a solenoid,
coaxial with the beam. In the center of the solenoid a special cavity is located, which
supplies both, the static electric field and the radio frequency electromagnetic field. The
cavity is primarily designed to have a resonance frequency 14 of 1.60975GHz and a

quality factor @ € [1000;3000]. A schematic drawing of a spin filter is given in Fig. 3.10.

3.4.1. Solenoid

The solenoid is designed to create magnetic fields with a high homogeneity at every
field strength between 50 mT and 65mT in the region of the cavity. It consists of five
coils, which are electrically connected in series. The windings of the central three coils
— one main and two secondary coils — are easy to access, so windings can be added or
removed to meet the required homogeneity of % < 1073, The two end coils decrease the
gradients to avoid quenching due to fast changing fields the metastable atoms experience
while entering and leaving the spin filter. Access to their windings is not needed, since
their influence on the homogeneity of the central part is negligible.

Since each a state is transmitted, through the spin filter in a small magnetic field interval
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Figure 3.10.: Schematics of a spin filter. The homogeneous magnetic field is primarily
generated by the main coil and the two secondary coils, while the two
end coils reduce the gradients at both ends of the spin filter. The main and
secondary coils are cooled by a copper heatsink run through by water.
The outer parts of the holding structure are made from materials with high
permeability to also purpose as magnetic yock. The cavity and its holding
structure are made from materials with low permeability to minimize their
effect on the magnetic field.

only (see Sect. 2.4.4), the field obviously should vary less than the range of the interval
over the length of the cavity at a fixed current through the coils. Thus, the homogeneity
is an important factor for the transmittance of o states. Moreover, the transmittance

should not vary for each individual o state as this would influence the transmission of
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metastable atoms in this state and, therefore, the measured polarization. E.g., if the al
state of hydrogen has a higher transmittance than the o2 state, the measured polarization
would always tent more to “+1”7 compared to the real polarization. The homogeneity of
the magnetic field, therefore, should be as good as possible throughout the whole range
the spin filter is operating at and be the same for all five magnetic fields, at which the
o states are transmitted. To tune the solenoid for maximum homogeneity, the magnetic
field was measured along the axis. Then the mean value of the field spanning over the
whole cavity plus some safety margins was calculated and the relative deviation of each
data point from the mean was plotted. This was done for five currents, each producing
a mean magnetic field close to one of the fields at which a o state is transmitted. If the
relative deviation from the mean exceeded £10~2 anywhere in the region of the cavity
windings were removed or added to the coils respectively at this position. Before any
tuning, the solenoid of the spin filter for BINP was able to provide magnetic fields, with
homogeneities in the order of 1072, After about two weeks of measurements and tuning
the relative deviation was consistently lower then 10~ in the critical region and for all
fields, at which the o states are transmitted. A plot of the magnetic fields along the
(whole) spin filter is shown in Fig. 3.11. In Fig. 3.12 the homogeneity after tuning is
shown for a mean magnetic field of 53.5mT as an example. Plots showing the final

homogeneity for the four other magnetic fields of interest are provided in Appendix A.1.
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Figure 3.11.: Longitudinal magnetic field along the axis of the spin filter at five different
currents, which produce the five magnetic fields — in the central region — at
which the individual o states of hydrogen and deuterium are transmitted.

3.4.2. Cavity

The cavity, providing both, the perpendicular static electric and radio frequency elec-
tromagnetic fields, is located in the center of the solenoid. A picture of a cavity is shown
in Fig. 3.13. The cavity is divided in three cylindrical sections along the beam axis, a
central part, in which the radio frequency field is stored and two identical parts, with
half the diameter of the central one, at both ends, to confine the radio frequency field
to the central part. Each of those sections again is subdivided into quadrants. The
outer quadrants are attached to the inner ones, building four units. Those four units
are mounted on a holding structure, which allows for small and controlled changes of
the radial position of all units individually.

Two opposing quadrants of the center part feature small antennas: One is connected
to a frequency generator, supplying the radio frequency, and the other serves as pick
up loop to measure the power inside the cavity, which is needed to tune the cavity’s
quality factor and resonance frequency. About 10% of the input power is extracted this

way. The other two opposing quadrants are connected to high voltage power supplies
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Figure 3.12.: Homogeneity of the magnetic field along the axis of the spin filter with
a mean magnetic field of about 53.5mT is better than 1072 for a length
of about 150mm. As measure for the homogeneity the absolute value of
the relative deviation of the magnetic field at position z from the mean
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— one of positive and one of negative polarity — to provide an electric field in the order
of 10Vem™. With an inner diameter of about 14.2 cm the voltages are around £70V.
The smaller quadrants, mounted to the larger ones, which are connected to high voltage
power supplies, are also connected to high voltage power supplies. This way the static
electrical field extents to both ends of the cavity. The smaller quadrants, mounted to
the larger ones, which are equipped with antennas, are electrically connected to those.

All four central quadrants have an inner radius of 71 mm, so that they enclose a cylinder
with a diameter d = 142mm. With A = £ = w”;il = 186 mm and d = &

1.60975 109 1.31
for TMpp-resonances ([MG86]), the enclosed cylinder fits the required frequency. In

a TMjpig-resonance the electric field oscillates longitudinally in the cylinder, while the
magnetic field oscillates radially, as sketched in Fig. 3.14. With this orientation, electric
dipole transitions between the o states and the e states can be induced. The quadrants

have an internal length [ = 76 mm, and, thus, the quality factor of a perfect cylinder of
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this dimensions would calculate to [MG86]:

A 1

Q =0.38 5 14—0—.5% ~ 18000 , (3.1)
with 6 ~ 2 m being the skin depth, which is a function of frequency and material. This
quality factor is neither desired — it should be @ € [1000;3000] (see Sect. 2.4.4) — nor
achievable in practice, since the gab between the quadrants and inevitable inaccuracy
in the manufacturing process will reduce the quality factor drastically. In fact, the cav-
ity originally build for the Lamb-shift polarimeter in BINP could not reach the desired
quality factor, even after minute tuning and applying several tricks, like: gold plating
for better conductivity on the surface, optimization of the contact between the jacket
and the base plates of the cylinder quadrants, wrapping with copper foil on the outside,
and adjusting of the antenna size and orientation. The search for the reason of the bad
quality factor of this cavity is still going on. Instead, a cavity of identical construction
was taken from a different spin filter in Jiilich. Despite no known or obvious differences
this one works well and tuning to quality factors of ) &~ 2500 can be done consistently.
It didn’t even lose its setting after transporting from Jiilich to BINP, which is surpris-
ing, since even minor changes in relative position of the quadrants to each other will
change the quality factor significantly. A measurement of the resonance curve is shwon
in Fig. 3.15.
It is worth noting, that the resonance frequency differs between operation in air and
vacuum, since the resonance wavelength is defined by the diameter of the cavity and
therefore is fixed, while the corresponding frequency is a function of the speed of light
(v = §), which is smaller in air by approximately 0.28%o. Furthermore the resonance
frequency increase with temperature, due to the thermal expansion of the cavity. The
quality factor, however, which is much more important than the exact resonance fre-
quency, is not effected significantly by neither temperature nor difference in speed of

light.
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Figure 3.13.: A cavity as it is used in a spin filter. The four golden quadrants form
the central part of the cavity. To each of them two smaller quadrants
(silver colored) are attached, one visible on the top side and one hidden
on the bottom side. At 8 o’clock in the picture a connection for the radio
frequency signal can be found. Another one is positioned at the opposite
side. The silver colored ring on the top is part of the holding structure. It
includes four slotted holes and headless screws to set the relative positions
of the quadrants.
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Figure 3.14.: Sketch of a TMg;p-resonance. The electric field is indicated by blue arrows
and the magnetic field by red arrows.

FWHM = 0.6267(5) MHz

o = 1.6093225(2) GHz
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Figure 3.15.: Measured resonance curve of a cavity and a fit with a Lorentz-function.
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3.5. Quenching Chamber

In the Quenching chamber, the stark effect is used to bring most of the remaining
metastable atoms in the beam into the ground state. During this process Lyman-o
photons (Ary = 121 nm) are emitted. These photons are detected by a photomultiplier.
The beam enters the quenching chamber in a stainless steel tube, which reaches close
to the center of the vacuum chamber. A second stainless steel tube is fixed to the end
of the chamber. Between those, a third tube made from teflon is mounted. Inside the
teflon piece, and isolated from the steel tubes, a ring-shaped electrode is positioned.
It is connected to a high voltage vacuum feed-through, so an electrical field can be
produced between the ring-electrode and the grounded stainless tubes. A large hole in
the teflon is directed towards the photomultiplier, which is mounted in the top flange
of the chamber. When the atoms exit the stainless steel tube, the strong electric field
(E =~ 200V cm™!) acts on them, and metastable atoms will be quenched to the ground
state, emitting Lyman-o photons. The photomultiplier covers a solid angel of about
m/g. Thus, about /30 of all photons will hit the window of the photomultiplier. The
window is made from MgF, and the photo-cathode is made from KBr. MgF is trans-
parent for photons with A > 110nm. With KBr photons with A < 165nm can be
detected with a quantum efficiency of about 10%. Since only Lyman-o photons con-
tribute to the signal, the small acceptance range (165nm > A > 110nm) reduces the
background.

3.6. Sona Transition Unit

The measurements with the Sona transition were performed in the IKP in Jiilich and
required a rearrangement of the existing Lamb-shift polarimeter. As beam source for
this setup the ionizer, described in Sect. 3.1, was used by feeding it with (unpolarized)
hydrogen gas. Like in the usual Lamb-shift polarimeter setup a Wienfilter was used to
discard all ions except protons, from which metastable hydrogen was produced in the
subsequent cesium cell. A first spin filter was used to quench both {3 states and one of
the o state to the ground state. Usually the ol state was allowed to pass, but some

measurements were also performed with the o2 state. Positioned directly after the first
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spin filter, two small solenoid coils were used to produce opposing longitudinal magnetic
fields. A second spin filter behind these two Sona transition coils was then used to
measure the occupation numbers of the two o states. To obtain a single magnetic field
reversal, the first Sona coil was set up to produce a magnetic field in the same direction
as the first spin filter, while the second Sona coil and the second spin filter produced
fields in the opposite direction. Since the gradient around the zero crossing has to be
fairly small (see Eq. (2.92)) the Sona coils are shielded with four layers of p-metal against
the stray fields of the spin filter and the earth’s magnetic field. With a threaded nylon
rod and nylon nuts the distance between the coils, and therefore, the wavelength A (see
Eq. (2.94)) can be adjusted. In the usual operation mode the current through the Sona
coils was varied with sawtooth function. A schematic drawing of the Sona coils between
the two spin filter is shown in Fig. 2.23 and the full setup for the measurements with the

Sona transition is shown in Fig. 3.16 (taken from [Eng+20a]). The magnetic field profile

Jﬂf[
|

2 loniser Wien filter Cs-cell Spinfilter | SONA transition Spinfilter 11 Quench chamber

B

Figure 3.16.: The full setup used for the measurements with the Sona transition.

in the Sona setup was measured by means of a three axial Hall-probe, which was guided
parallel to the beam axis — with an offset p &~ 5mm — inside a plastic tube. In Fig. 3.17
the z-component of the magnetic field B, along the beam axis is shown for four different
currents through the Sona coils. At a distance between the coils of 60 mm the wavelength
— determined by a Fourier analysis — is A = 140mm. For Fig. 3.18 the radial magnetic

field Baq was determined by the x- and y-components of the magnetic field measured

_p 9B

by the Hall-probe and by the derivative of the z-component with Br.a(z,p) = —§ 5=
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Figure 3.17.: The z-component of the magnetic field in the Sona setup at four different

currents through the coils.
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Figure 3.18.: The radial magnetic field in the Sona setup at four different currents
through the coils determined by Bpaa(z) = /Bi(2)?+ By(2)? (e) and
Brad(zap) - _g % (7)
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4.1. Cesium Cell Optimization

As discussed in Sect. 2.4.3, it has been shown, that the production of metastable atoms
from reactions of molecular ions (Hyt, HD*, Dy™) is possible. However, in contrast to
the production of metastable atoms from atomic ions (H*, DT), the optimal beam ener-
gies and areal number density of cesium atoms are still subject of investigation. Earlier
measurements (see fig. 7 of Ref. [Eng+14]) indicate, that a slightly higher areal number
density for the molecular ions at 1keV is preferable compared to protons with the same
energy. Since the expected beam intensity of the molecular beam source is fairly close to
the detection limit of the Lamb-shift polarimeter, the optimal parameter of the cesium
cell would help to ensure a successful polarization measurement of the molecular beams.
Secondly, the parameters would provide advice, if the metastable atoms originate from a
two step process (see Eq. (2.54)) or a single reaction (see Eq. (2.55)) with cesium atoms.
Consequently, efforts to determine the optimal areal number density and beam energies
have been made.

In the laboratory in Jiilich, first, a beam of protons and Hy™ ions was formed from unpo-
larized hydrogen with the help of an ECR ionizer. With the Wien filter, either protons
or Hyt ions were selected from the beam. The beam intensity in front of the cesium
cell was determined with a Faraday cup, which can be inserted into the beam. In the
quenching chamber, the intensity of the metastable atoms was then measured using the
intensity of the Lyman-o photons. A second Faraday cup behind the quenching chamber
was used to measure the intensity of ions, which did not react with the cesium vapor.
Both, the Lyman-uo intensity and the ion intensity after the cesium cell, were normalized
by the beam intensity before the cesium cell. At constant beam energy, measurements

at cesium temperatures (measured at the bottom of the cell) between 120 °C and 200 °C
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were carried out with protons and Hy™ ions — one after the other. Since the thermal
equilibrium had to be waited for, a series of measurements took about 5 to 6 hours.
Unfortunately it was not possible to keep the beam intensity and stability of the — old
and delicate — ECR source at an acceptable level over this time. The ECR source was
then exchanged for the Glavish ionizer described before, especially since this ionizer was
also needed for another experiment in the laboratory. However, the improvement fell
short of expectations, so that no reliable data could be obtained. Therefore, the control
measurement with protons was omitted, in order to shorten the measurement time, and
measurements were only made with Hy* ions. The results of these measurements are

shown in Fig. 4.1. The measurements were carried out in series with fixed beam energy.
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Figure 4.1.: Relative efficiency of metastable production from Hy' ions in the cesium
cell, measured by the intensity of Lyman-o normalized to the ion current in
front of the cesium cell, as function of the cesium temperature at different
beam energies.

At each temperature, the ion current in front of the cesium cell was measured first,

followed by the Lyman-o intensity and the ion current behind the quenching chamber

98



4.1. Cesium Cell Optimization

(with turned of electric fields in the quenching chamber). Then the ion current in front
of the cesium cell was measured again. If the two measurements of the beam intensity in
front of the cesium cell differed by more than 10 % the data would be rejected, in order
to reduce the uncertainty caused by the fluctuating beam intensity. At each tempera-
ture three valid data points were taken. For each energy, the measurement series were
performed two times on different days. Thus, each data point in Fig. 4.1, is the mean
value of two series with three single measurements each. The Hyt-currents measured
in the first Faraday cup varied between 2.5nA and 7nA. This is equivalent to rates
between 1.6 - 10102 and 4.4 - 10 % going into the cesium cell. The peak height of
each o peak measured between 5mV and 80 mV. With a gain of the photomultiplier of
about 107 this corresponds to registered Lyman-o photon rates between 3 - 10°E% and
5- 104%}1. The photomultiplier covers about 1/30 of a sphere around the quenching region
and has a quantum efficiency of about 10 %, thus, between 9-10° @ and 1.5-107 @
are quenched in the quenching region. At the given beam energies and quenching fields
in the quenching chamber more than 98 % of all metastable atoms will be quenched.
The transmission rate for each o state is less than /2 at the resonant magnetic field,
therefore, the amount of atoms quenched in the quenching chamber has to be multiplied
by a factor of two to estimate the amount of atoms in these states before the spin filter.
Since the Hy™ beam is unpolarized each 2S; /2 substate after the cesium cell is equally
populated, thus the amount of metastable atoms should be four times the amount of a
single o state. By rounding the correction factors up, the rates of metastable atoms en-
tering the spin filter are approximately between 9-100 212 and 1.5-10% 21222 With these
estimations the ratio of metastable atoms (produced in the cesium cell and entering the
spin filter) to Hy™ ions was et ~ 0.38% at a beam energy of 2keV and 200°C at the

ut

2
bottom of the cesium cell and %‘"—f ~ 0.05% at 1keV and 120°C. This is in agreement

Hy

with measurements of recombination experiments (see e.g. Ref. [Eng+14]), where the
efficiency of metastable atom production from Hy™ ions was estimated to be about a
factor of 30 to 40 lower than the efficiency of metastable production from proton, which
for this setup is estimated to be around 15 %.

According to the measurements, the efficiency for the production of metastable hy-
drogen atoms from H,™ ions increases with temperature. Other than the earlier mea-
surements (see fig. 7 of Ref. [Eng+14]), the present one indicates that the optimal

temperature might even be higher than 200 °C. Unfortunately, measurements with tem-
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peratures above 200 °C cannot be carried out with this cesium cell design. As discussed
in Sect. 2.4.3, higher cesium temperatures and, therefore, higher cesium vapor densities
might indicate that the two step process (see Eq. (2.54)) dominates the production of
metastable atoms from molecular ions. Furthermore, higher beam energies seem to favor
the reaction, however, this can also be due to the focusing of the beam, which is usually
better for higher energies. Concluding from these measurements, higher beam energies
and cesium cell temperatures are preferable for measurements with polarized molecular
ions compared to proton beams. This is especially important when the beam intensities

are expected to be rather low like for the measurements at BINP.

4.2. Lamb-Shift Polarimeter at BINP

To confirm the functioning of the Lamb-shift polarimeter at the BINP measurements
with the (unmodified) atomic beam source were performed. For these measurements
atomic beam source was set up to produce a beam of hydrogen atom is a single hyper-
fine state, which was directed into the ionizer. In the ionizer proton beams of about
10nA or about 6 - 10*° % were formed and focused into the Lamb-shift polarimeter.
As discussed in Sect. 2.4.2, the polarization vectors of protons (and deuterons) are ro-
tated by the magnetic field of the Wienfilter, thus calibration measurements were made
(see Fig. 3.6). Ome of these measurements is shown in Fig. 4.2. For this measure-
ment the atomic beam source was set to produce a beam of hydrogen atoms in state
|F'=1,mp = —1), the Ionizer was set up to a beam energy of about 2keV and the
current through the coils of the Wienfilter was Iwr = 2.75 A. Looking at the complete
set of measurements (see Fig. 3.6) the Wienfilter correction factor for this measurement
is C'wr =~ —1. Ignoring the other correction factors the polarization of the beam, there-
fore, was about —57.2%. It is noticeable that the background signal decreases linearly
with the magnetic field. Although the polarization is easily determined with a linear
fit to the background, it is desirable to eliminate this linear dependency. Usually, a
linear background in the spectrum is due to residual protons in the beam, which are
deflected in the spin filter depending on its magnetic field. This kind of background
signal can be influenced by the electric fields in the spin filter and is beam energy de-

pendent. Here, the linear background could be observed at all energies and could not be
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Figure 4.2.: A polarization measurement of an atomic hydrogen beam from the atomic

beam source at the BINP. The ionizer was set to a beam energy of about
2keV and the Wienfilter was set to rotate the polarization vector by 180°.
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Figure 4.3.: A polarization measurement with an unpolarized hydrogen beam.

decreased with different setting of the electric potentials inside the spin filter. A further
source was searched for and found in the insufficient shielding of the photomultiplier, i.e.
the photomultiplier gain was influenced by the magnetic field of the spin filter nearby.
By inserting an iron plate between the spin filter and the quenching chamber and an
improvised coil around the housing of the photomultiplier, this background was reduced
significantly [TS]. A measurement of an unpolarized beam, with this background reduc-
tion is shown in Fig. 4.3. The measured polarization is unusually high (2.3(9) %). Since
the background is flat now it seems unlikely that this is due to a difference in gain of the
photomultiplier for both peaks. Thus, this measurement might indicate a significant dis-
crepancy between the transition probabilities for al and o2 of hydrogen in the spin filter,
such that atoms in the ol state are more likely to pass the spin filter than atoms in the
a2 state at their respective resonance conditions. The resulting correction factor Cspn
for the spin filter (see Eq. (2.78)) and the difference between the measured (p,) and
corrected polarization (p, = Cspu - pm) of the metastable atoms are shown in Fig. 4.4.

This unexpectedly large discrepancy in the transition probabilities could be caused by
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Figure 4.4.: The correction factor Cgpy of the spin filter and the difference between
measured (p,,) and corrected polarization (p,) — scaled by a factor of
100 — as function of the measured polarization following from the “zero-
measurement” shown in Fig. 4.3.
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Figure 4.5.: A polarization measurement with an unpolarized deuterium beam. The
measured vector- and tensor- polarizations are: p, = 0.4(2)% and
Pmm = 0.2(1) %.

an accidental polarity reversal of the spin filter, which would have big influence on the
homogeneity of the magnetic field, due to changes in the magnetization of the yock.
Consequently, the correction factor of the spin filter cannot be neglected and therefore
“zero-measurements” are mandatory before a precision measurement, to obtain a reli-
able correction factor. In Fig. 4.5 a measurement with unpolarized deuterium is shown.
As expected, the difference of transition probabilities is smaller for the three o states of
deuterium. The measured vector- and tensor- polarizations of the unpolarized deuterium

beam are py, = 0.4(2) % and pym, = 0.2(1) %, respectively.

While the magnetic field dependent part of the background was significantly suppressed,
a huge constant background was observed, whenever the atomic beam source was running
and all valves in the beam line were open. Since the background was also present when
the ionizer was shut off or the ion beam was deflected by the Wienfilter, it was concluded

that the background stemmed from Lyman-o photons, which are produced by the plasma
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in the dissociator of the atomic beam source. Although, the photomultiplier is mounted
perpendicular to the beam and most parts, which are exposed to the beam, are made
from stainless steel, which is a poor reflector for Lyman-a photons, about 10° % reach
the photomultiplier. The rate of photons which are emitted through the nozzle of the
atomic beam source is estimated to be in the order of 10'® %. This background was never
observed during measurements with atomic beam sources in Jiilich, since the atomic
beams do not enter the Lamb shift polarimeter in a straight line from the atomic beam
sources, but are deflected by 90°. Since the background can be subtracted easily, it is not
a problem for measurements with the atomic beam source at BINP. For measurements
with the molecular beam source this is irrelevant, since the dissociator and, therefore,

the strong Lyman-o source is missing.

So far, a few attempts to measure the polarization of molecules from the molecular beam
source have been made during a one-week experimental campaign. Unfortunately, the
Hs™ beam intensities after the ionizer were to low to detect metastable atoms in the
quenching chamber, even if the rest of the Lamb-shift polarimeter is operating at ideal
efficiency. One reason for this could be that the alignment of the molecular beam source
and ionizer is not optimal, so that the molecular beam does not hit the ionization volume
perfectly. Another reason could be insufficient ionization efficiency of the ionizer. If the
gas density in the ionizer is too low, it will only work in the less efficient electron impact
mode, thus, it might be reasonable add a suitable buffer gas. Since a getter pump is
installed in the ionizer to reduce the background from scattered hydrogen molecules,
a noble gas like argon should be preferred over other gases like nitrogen, so the getter

pump will not fill up to fast.

4.3. Sona

The Sona transition setup discussed in Sect. 3.6 allows for several measurement modes.
Each of the spin filters — the first one being the polarizer and the second one the analyzer
— can be set up to either allow only one of the a-states (electrostatic field on, radio
frequency on and magnetic field set to one of the “resonance” fields), both a-states

(electrostatic field on, magnetic field around 55 mT and radio frequency off), or all

105



4. Measurements

metastable states (all off) to pass. Measurements with Sona transitions where both o-
states were allowed to pass the polarizer and the analyzer have been performed before
[HRT77; HR78; GS81]. Therefore, the focus was on measurements in which only a single
a-state was send through the Sona coils and a single o-state was analyzed. The current
through the Sona coils can either be kept constant and the beam velocity changed to
manipulate the frequency of the induced electromagnetic field, or the magnetic field can
be increased to find the conditions where the energy difference between the hyperfine
substates corresponds to integer multiples of the constantly induced radio frequency.
For the measurements with hydrogen, presented below, the first spin filter was set that
only the ol state could pass and the current through the Sona coils was ramped with a
sawtooth function from 0 A to 1.75 A. The photomultiplier signal, which is proportional
to the rate of metastable atoms in the quenching chamber, was measured as function of
time and, therefore, as function of the current through the Sona coils. A measurement,
where only the ol state could pass the second spin filter is shown in Fig. 4.6 and where
only the o2 state was allowed to pass in Fig. 4.7. For both measurements, the “beam
energy defining electrode” of the ionizer was set to 1500 V. However, the analysis showed
a beam energy of 1.28keV. This discrepancy can be explained by a plasma burning
outside of the third electrode of the ionizer, which is further discussed in Sect. 3.1. The
distance between the Sona coils was 60 mm, which results in a wavelength A &~ 140 mm.
To each peak a Lorentzian curve was fitted to determine the corresponding current
through the Sona coils. Since the magnetic field in the coils is proportional to the
current the photomultiplier signal can be plotted against a corresponding magnetic field
instead. As discussed in Sect. 2.6, atoms flying through the Sona coils experience an
electromagnetic field which can induce o-transitions between 25/, substates. For this
the energy difference AE(B) between these stats, which is a function of the magnetic
field and can be calculated by the Breit-Rabi theory, has to match the photon energy
of the oscillating radial field: AE(B) = nhv =nh5t (n € N). The frequency v of the
electromagnetic field is independent of the magnetic field strength but is a function of
the velocity of the atoms vy and the wavelength A which — in first order — is determined
by the geometry of the setup. Notably, the magnetic fields at which the transitions
are induced, and also the differences between those magnetic fields, are functions of
the frequency v. Thus, the pattern of the measured peak positions can be compared
to calculations of the Breit-Rabi theory (with QED corrections) with different (second

harmonic) frequencies v (see Sect. 2.6). With the assumption that the relevant magnetic
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Figure 4.6.: Relative amount of hydrogen atoms in the ol state after a beam of atoms
starting in the ol state passed the Sona coils, as function of the current
through the coils. With fits of Lorentz functions to each colored peak the
position was determined.

field B’ is a linear function of the current through the coils a best fitting frequency for
the measurements can be found. For this the magnetic fields B.(1y) at which the i-th
peak appears was calculated for different frequencies 1. Then a quadratic calibration
function Bl(vy) = a - I? +b- I; + ¢, with I; being the current through the Sona coils,
at which the i-th peak was measured, was fitted to the data for each frequency vy.
Now the frequency v g, at which the coefficient a of the quadratic term vanishes can
be found. A plot of the coefficient a of the quadratic term as function of the frequency
vy (for the measurements presented in Fig. 4.6) is shown in Fig. 4.8. For the first
measurement the best fitting frequency is 3.545(27) MHz and for the second measurement
it is 3.518(30) MHz. The best fitting frequencies of both measurements agree within
the uncertainties. A larger difference would indicate a change in the beam energy in

between the measurements. A Breit-Rabi diagram, where the (multi-)photon transitions
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Figure 4.7.: Relative amount of hydrogen atoms in the o2 state after a beam of atoms
starting in the ol state passed the Sona coils, as function of the current
through the coils. With fits of Lorentz functions to each colored peak the
position was determined.

corresponding to v = 3.545 MHz are indicated, is shown in Fig. 4.9. Since the differences
in the diagrams are almost not recognizable between v = 3.545 MHz and v = 3.518 MHz
a second one is not shown here. The calibration function between the magnetic field
B’ and the current through the Sona coils is B’ = 2.83(3)mT - £ — 0.02(2) mT. Since
the magnetic field was also directly measured with a Hall-probe at different currents
through the Sona coils, B’ can also be expressed by the maximum measured field By
with: B’ & 0.73 - Buax. In Figs. 4.10 and 4.11 the measurements are plotted against
the magnetic field B’ and the measured and calculated peak positions are shown for

comparison.

In the following an approach for a simplified model explaining the measurements is
outlined. A far more sophisticated theoretical treatment of the measurement results,

using time-dependent Schrodinger equations, can be found in Ref. [Eng+20a].
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Figure 4.8.: Coeflicient a of the quadratic term of the calibration function
Bi(vo) = a-I? +b- I; + ¢ between the calculated magnetic field B(vg)
of the i-th peak and the peak position I; found in the measurement as func-
tion of the frequency vy with which B](v) was calculated. Since Bl(1y) and
I; should be proportional, the frequency vy g at which @ = 0 is the best
estimate for the frequency, the atom experience during the flight through
the Sona coils.

In both measurements only metastable atoms in state al were allowed to enter the Sona
coils. Thus, in a naive picture, without any additional transitions, only the (3 state
would be populated after the reversal of the magnetic field. When transitions, induced
by the electromagnetic field, are considered, atoms in state ol can only be observed (see
Fig. 4.10), if atoms went from ol to o2, “before”! the reversal of the magnetic field, and
from o2 back to al “after” the reversal, or if atoms “after” the reversal change their
state from 33 to o2 and from o2 to al. Direct transitions between ol and 33 are not
allowed, since this would require Ampr = £2. Noteworthy, the a2 state is not effected

by the reversal of the magnetic field. Thus, atoms which change from ol to o2, “before”

1Since the involved energy and time scales are close to the limit of the uncertainty principle there
is no well defined “before” or “after” the transition for the atoms.
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Figure 4.9.: Breit-Rabi diagram with transitions induced by a radial magnetic field
Biaa(t) oscillating with a frequency v = 3.545 MHz.

the reversal of the magnetic field will still be in o2 “after” the reversal and, therefore,
are available for transitions back to al. Two-step transitions from (33 to 2 and from o2
to al are only possible, if there is a sufficient overlap of both transitions due to there
linewidth. However, if there is such an overlap the transitions from 33 to a2 will also
work in the other direction (from o2 to 33), which can reduce the amount of atoms in
the o2 state. Looking at peak “8” (yellow) in Fig. 4.10 a deformation (reduction of the
signal) on the right flank can be seen. A deformation (reduction of the signal) on the
left flank can be observed for peak “9” (violet). From Fig. 4.9 it can be seen that the
12-photon transition between a2 and (33 follows directly after the 8-photon transition
between ol and o2, while the 14-photon transition between o2 and 33 appears directly
before the 9-photon transition between ol and o2. These deformations suggest that the
dominant reason for finding atoms in the ol state comes from the transitions between ol
and o2 “before” and “after” the magnetic field reversal, while the overlap with transitions

between o2 and (33 causes a reduction in the signal. Similarly, atoms in state o2 can only
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Figure 4.10.: Sona measurement as function of the magnetic field B’. The peak posi-
tions obtained from fits to the data (black dashed lines) and from Breit-
Rabi calculations with the best fitting frequency for the second harmonic
(v = 3.545(27) MHz) (red dashed lines) differ by less than 0.011 mT.

be observed (see Fig. 4.11), if atoms change from al to o2, “before” the reversal of the
magnetic field, or if atoms change from 33 to a2 “after” the reversal. Again the peaks
can be deformed, if transitions overlap, e.g. after a transition from 33 to o2, another
transition from o2 to al would reduce the a2 population. These deformations seem to
be less prominent. Although, these peak deformations change the position obtained
by the fits, the calculated and measured peak positions are in good agreement. The
Breit-Rabi calculations that were used here do not provide any quantitative information

about the intensity of the peaks, but only about their position.
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5. Conclusion and Outlook

A new Lamb-shift polarimeter for the molecular beam source in Novosibirsk has been
built at the research center Jiilich. The most essential part of a Lamb-shift polarimeter
is the spin filter. Its two main components are a solenoid which needs to provide highly
homogeneous magnetic fields ranging between 53mT and 61 mT and a cavity which
needs to provide an electromagnetic field with a resonance frequency of about 1.61 GHz
and a quality factor between 1000 and 3000. After carefully adjusting individual turns,
the solenoid provides magnetic fields with excellent homogeneity (see Fig. A.1). Since,
the required quality factor could not be achieved with the new cavity, an older one
which met the requirements (see Fig. 3.15) was used for the new polarimeter. For a
newly built cesium cell the magnetic fields at the center of the cell were measured for
different currents to obtain a magnetic field-to-current calibration (see Fig. 3.9). For
the restored Wienfilter such a calibration already existed (see Fig. 3.5). All components
were mounted on a bench such that transport as a whole was possible. After the transfer
to Novosibirsk only minor and uncritical damages were found.

In Novosibirsk the ionizer, which was built there, was mounted on the bench with the
other components of the Lamb-shift polarimeter and together they were connected to the
modifiable beam source. Polarization measurements of atomic beams from the atomic
beam source were carried out successfully (see Fig. 4.2), proving the functionality of
the new Lamb-shift polarimeter. An exemplary Wienfilter curve (see Fig. 3.6), which
is necessary for polarization measurements with atomic ions, and “zero-measurements”
for hydrogen and deuterium (see Figs. 4.3 and 4.5) from which the correction factors
of the spin filter are determined for precise absolute polarization measurements, were
recorded. During the first tests the ion beam intensity was too low to allow detection of
metastable atoms from hydrogen molecules from the prototype molecular beam source.

Further attempts to measure the polarization of the molecular beam were denied by the

113



5. Conclusion and Outlook

schedule of the Vebb-3 accelerator, the unavailability of liquid helium! at BINP during
summer and last but certainly not least the COVID-19 pandemic.

In the meantime the Lamb-shift polarimeter setup in Jiilich was used to optimize the
efficiency of the cesium cell when used with molecular ions. For the production of
metastable atoms from protons absolute values of the production efficiency are available
in literature [Pra474]. The measurements, shown in Fig. 4.1, suggest that compared
to proton beams, higher beam energies and higher cesium vapor densities are advanta-
geous for Hy* ion beams. Absolute values of the metastable atoms production efficiency
from Hy™ ions can be obtained, if measurements with Hy™ ions relative to protons can
be made. Due to instabilities of the beam source, a direct comparison of measurements
with proton and Hy™ ion beams was not possible. Since the polarization measurement of
molecules from the prototype molecular beam source failed because the rate of Lyman-o
photons was too low, each improvement in sensitivity of the Lamb-shift polarimeter is
highly desirable. To obtain more reliable measurements, which also allow for direct com-
parisons of proton beams and Hy™ ion beams, a commercial ion source has been ordered.
It should be capable to provide stable Hy™ /Dy beams of up to 2 pA at a kinetic energy
of 1keV and up to 20 pA at 5keV [Eng; Pan20].

Moreover, the Lamb-shift polarimeter in Jilich was modified to perform measurements
with a Sona transition unit. The experiments showed that this setup can be used as
a new spectroscopy method [Eng+20a]. When atoms are traveling through the static
magnetic fields of the two Sona coils with opposite direction they experience an oscil-
lating electromagnetic field. The frequency of this field is determined by the geometry
of the setup and the atoms’ velocity. Since these velocities can be several orders of
magnitude lower than the speed of light, extremely low frequencies are possible without
the need of a large cavity. With this setup the photon energy, with which transitions
are induced in the atoms, was in the order of 10neV. This enables high precision mea-
surements of QED corrections of Breit-Rabi calculations. Absolute uncertainties in the
order of 10~ eV were already achieved and with further improvements a reduction by
another order of magnitude is expected. While the measurements presented here were
performed with hydrogen in the 25/, state only, in principle, the method can be ap-
plied to all kinds of particle beams. With a different orientation of the magnetic field

n-transitions can be induced, too. Thus, the method is not restricted to o-transitions

Ifor cooling of the nozzle and superconducting magnets of the molecular beam source
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either.

The measurements with the Sona setup showed that the expected complete exchange of
the occupation numbers of the al and the 33 hyperfine states cannot be ensured with
certainty, but depends very sensitive on external magnetic fields. Especially for the BoB
experiment, in which extremely low rates of 33 compared to both o states are expected,
the background caused by transitions would probably prevent a reliable detection of
B3. In order to find a different approach for the detection of 3 atoms for the BoB
experiment, considerations were made to design a spin filter that can separate not only
the o states but also the (3 states. Since, as mentioned in Sect. 2.4.4, it is not neces-
sary to operate the spin filter at the magnetic fields of the intersections between the 3
and the e states, significantly lower magnetic fields and frequencies can also be used.
At low magnetic fields and without static electric fields, the lifetime of the B states is
significantly longer (see Figs. 2.10 and 2.11). If the o states are coupled to the e states
in the same fashion as with the current version of the spin filter, the 3 states can pass
the spin filter. This would cause a signal, which is independent of the magnetic field.
If, however, a second radio frequency is introduced, the 3 states can also be coupled to
2P/, states. By choosing suitable frequencies and orientations of the electromagnetic
field (electric field parallel or perpendicular to quantization axis (= beam axis)) for the
couplings between the 2S;/, and 2P, /5 states, the resonance conditions, which allow the
states to pass the spin filter will occur at different magnetic fields. In Tab. 5.1 the cou-
plings between 2S;/, and 2P/, substates of hydrogen for the two possible orientations
of the electric component of the electromagnetic field in respect to the quantization axis
are shown. A Breit-Rabi diagram of hydrogen, with some exemplary transition frequen-

cies is shown in Fig. 5.1. By choosing two electromagnetic fields, one with E | 2z and

Table 5.1.: Coupling of 25/, and 2P/, substates of hydrogen with the electric compo-
nent of the electromagnetic field being either parallel (||) or perpendicular
(L) to the quantization axis.

e L
al <»el al <14
a2 > e2 a2+ 13
B3 <13 B3 <> e2
B4 <14 Bd<rel
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Figure 5.1.: Breit-Rabi diagram of hydrogen for a new type of spin filter. Two couplings

between the o states are marked in green: one for E 1 2z at B,; = 12mT
and By ~ 17.9 mT with a frequency vy ~ 1348.9 MHz (dashed) and one for
E || z at By = 13mT and B, ~ 18.2mT with a frequency vs ~ 1209.7 MHz
(solid). Two couplings between the {3 states are marked in red: one for F || z
at Bgy = 14mT and Bgs ~ 21.8mT with a frequency v5 ~ 885.3 MHz (solid)
and one for E 1 z at Bgy = 15mT and Bgg ~ 22.1 mT with a frequency
vy ~ 701.5 MHz (dashed).

v = 1348.9 MHz, and one with E || z and v = 885.3 MHz, four peaks should be observ-

able at By

~ 12mT, Bgy =~ 14mT, By, ~ 17.9mT, and Bgs ~ 21.8mT. A spin filter

which is capable of detecting [ states additionally to the a states could be used not only

in the BoB experiment, but also in further experiments with the Sona transition unit.
With a new detection method, which utilizes a MCP (see Sect. 2.4.5), the sensitivity

of Lamb-shift polarimeters could potentially be increased by one to two orders of mag-

nitude. In particular, it must be examined whether ground state atoms will create a

substantial background signal or not. A background signal from ions should be easy to

prevent by deflecting them. Such a detector is currently developed and tested in Munich

in context of the BoB experiment. If the tests are successful, the new detector would
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also be a great improvement for measurements with the molecular beam source at BINP.
During the measurements with the atomic beam source at BINP an unexpected high
background was observed which could be traced back to Lyman-o radiation, created in
the dissociator of the source. This intense Lyman-o radiation had not jet been consid-
ered in recombination experiments and storage cell gas targets. With an energy of about
10.2eV Lyman-o photons can break up molecular bounds between hydrogen atoms and
atoms of the storage cell surface (e.g. carbon), allowing neighboring hydrogen atoms to
recombine [Sie+10]. So far, the Eley-Rideal and Langmuir-Hinschelwood mechanisms
have been used to explain the recombination in storage cells. The light induced re-
combination, however, might explain why lower recombination rates have been observed
with aluminum and teflon surfaces: Both materials absorb Lyman-o poorly, so that the
photon energy cannot contribute well to breaking the molecular bonds. In order to gain
further insights, it is planned to (periodically) block the incidence of Lyman-a photons
into the storage cell of the recombination experiment setup and measure the presumed
change of the recombination rate. The findings may influence the future choice of stor-
age cell materials to either increase or reduce the recombination rate depending on the
application.

With this recombination setup it is also planed to freeze out polarized Dy and HD
molecules in order to find out whether the polarization is conserved during the pro-
cess. For this the molecules could either be evaporated again to build a beam that
can be measured with the Lamb-shift polarimeter or the polarization of the solid could
be measured directly using nuclear magnetic resonance methods. Currently a chamber
for the freezing of the molecules is being designed in a collaboration of the PGI and
IKP in Jiilich, and the Laboratory of Cryogenic and Superconductive Techniques at the
Petersburg Nuclear Physics Institute. Solid, polarized Dy, HD, and TD could then be
used as fuel for polarized fusion, polarized external targets in accelerator experiments
and as proton-/deuteron- source for laser-driven acceleration of protons and deuterons
[Ciu+16]. The planed, dedicated molecular beam source should increase the production
rate of these polarized solids. The Lamb-shift polarimeter at BINP will hopefully help

to make the development of this source a success.
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A.1. Magnetic field homogeneity of spin filter
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